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Abstract 
 
Plutella xylostella L (Lepidoptera:  Plutellidae) and Crocidolomia pavonana F (Lepidoptera: 
Crambidae) are serious pests of Brassica crops in the highlands of West Java, Indonesia, where they 
co-occur, and in Southeast Queensland, Australia where C. pavonana is a serious pest early in the 
crop season (February–May) and P. xylostella is a pest later in the year (June-November). 
Introductions of parasitoids of P. xylostella, especially Diadegma semiclausum Hellén 
(Hymenoptera: Ichneumonidae), have had considerable success in both countries, but no effective 
larval or pupal parasitoids of C. pavonana are known. The use of insecticides to manage C. 
pavonana disrupts P. xylostella parasitoids, leading to pest outbreaks. Thus, an integrated pest 
management (IPM) strategy, that takes account of both pests, is needed in both regions. Although P. 
xylostella parasitoids have been the centre of much research over the past 50-60 years, the impact of 
predatory arthropods on pest populations has received much less attention. Similarly, little is known 
about the impact of predators on C. pavonana populations and it appears to be attacked by a 
particularly sparse parasitoid fauna.  
In recent years, considerable advances have been made in the development of DNA-based 
molecular techniques to detect the remains of insect prey within the guts of predatory arthropods. 
However, the methods have rarely been applied in conjunction with field experiments that measure 
the impact of natural enemies on pest/ prey populations. In this research, field studies used a 
combination of ecological (natural enemy exclusion experiments and the construction of life tables) 
and DNA-based molecular methods to quantify the impact of predatory arthropods on P. xylostella 
and C. pavonana populations and to identify the most important predatory groups preying on these 
insect pests in the different agro-ecosystems of Queensland and West Java.  
The specificity of previously designed primer sequences for P. xylostella, C. pavonana and Pieris 
rapae L. (Lepidoptera: Pieridae) mtCO1 DNA was confirmed by testing them against a wide range 
of herbivores and predatory arthropods collected from the field in both West Java and Queensland. 
Based on field studies, key groups of predators were selected to determine the detectability half-life 
of target P. xylostella and C. pavonana mtCO1 DNA in their guts following consumption of single 
prey items. For the P. xylostella mtCO1 DNA, when tested at 25 °C the detectability half-life 
(DHL) was lowest in Clubionidae (18 h) < Linyphiidae (42 h) ≤ Lycosidae (61 h) < Theridiidae 
(135 h). Similarly when tested at this temperature, the DHL for C. pavonana mtCO1 DNA was 
lower in Lycosidae (93 h) than in Theridiidae (193 h). Despite having a longer base pair sequence, 
the target C. pavonana fragment (276 bp) typically persisted for longer in the guts of predators than 
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the P. xylostella fragment (165 bp) and in Theridiidae, the DHL of target DNA of both species 
decreased with increasing temperature when tested at 20, 25 and 30 °C 
Field studies in Australia showed that the impact of the endemic natural enemy complex could 
suppress P. xylostella and C. pavonana populations, but that predators had a greater impact on P. 
xylostella populations than on C. pavonana populations. Based on their relative abundance, the 
proportion sampled that tested positive for target prey DNA and the DHL for target prey DNA in 
gut-contents analysis, Clubionidae and Linyphiidae were identified as the major predators of P. 
xylostella, although Lycosidae and Theridiidae, and probably the coccinelid H. varieagata, also 
contributed to P. xylostella suppression. The endolarval parasitoid D. semiclausum also contributed 
significantly to P. xylostella mortality but overall, the combined action of predators caused greater 
mortality. Similar analysis identified Araneidae, Clubionidae, Lycosidae, Linyphiidae, Oxyopidae 
and Salticidae as predators of C. pavonana, although more limited determination of DHL for C. 
pavonana DNA for these groups makes it difficult to rank predators in order of importance. In 
Queensland, C. pavonana did not suffer significant mortality due to parasitoids. Studies in West 
Java investigated the impact of natural enemies on P. xylostella and C. pavonana populations 
simultaneously. The endemic predator complex and D. semiclausum suppressed P. xylostella 
populations, but predators had a greater impact than the parasitoid. Crocidolomia pavonana was not 
attacked by parasitoids in West Java and although predators could reduce the pest population, they 
had a lower and more variable effect on C. pavonana than on P. xylostella. Most foliar dwelling 
spiders (Araneidae, Clubionidae, Gnaphosidae, Linyphiidae, Salticidae and Tetragnathidae) 
consumed P. xylostella but only a small number of Araneidae and Gnaphosidae tested positive for 
C. pavonana DNA. When sampled at the soil surface, Gnaphosidae and Lycosidae were positive for 
C. pavonana DNA and only Lycosidae were positive for P. xylostella DNA. The predatory insect 
fauna was more diverse in West Java than in Queensland and many groups, but particularly larval 
Syrphidae, adult and larval Coccinellidae and Staphylinidae tested positive for both pests. 
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Chapter 1: General Introduction 
 
Plutella xylostella L. (Lepidoptera:  Plutellidae), the diamondback moth, is the most 
significant pest of Brassica crops worldwide (Furlong et al., 2013) and it has been the principal 
subject of six international workshops devoted to the management of Brassica pests over the past 
25 years (Talekar & Griggs, 1986; Talekar, 1992; Sivapragasam et al., 1997; Endersby & Ridland, 
2004; Shelton et al., 2008; Srinivasan et al., 2011). Biological control has been a major focus of the 
workshops, and the parasitoid fauna attacking the pest is very well documented (Furlong et al., 
2013). Diadegma semiclausum Hellén, an endo-larval-pupal parasitoid of P. xylostella is widely 
known as one of the most important parasitoids of P. xylostella. It has been successfully introduced 
in many regions including in West Java, Indonesia (Vos, 1953) and Queensland, Australia (Furlong 
& Zalucki, 2007) and it has a significant impact on the pest in both agro-ecosystems (Murtiningsih 
et al., 2011; Furlong et al., 2004a, b). However, the parasitoid can be easily disrupted by the 
application of broad spectrum insecticides (Furlong et al., 2004a) and the adoption of conservation 
biological control strategies, including the elimination of pyrethroid and organophosphate 
insecticides, as components of integrated pest management (IPM) programs for P. xylostella have 
resulted in effective management of the pest due to the significant mortality inflicted by D. 
semiclausum (Furlong et al., 2004a). 
Crocidolomia pavonana, is also known as an serious pest of Brassica crops in tropical and 
sub tropical regions of Africa, south and southeast Asia, and the southwest Pacific, including 
Queensland, Australia (CAB, 1979). However it has been the subject of far less research activity 
than P. xylostella and less than 20 of the more than 300 papers presented at the six international 
workshops have been devoted to its biology, ecology and management. Crocidolomia pavonana is a 
serious pest of Brassica crops because of its specific feeding habits.  Early instar larvae move from 
oviposition sites on the basal margins of outer leaves of host plants and feed gregariously on the 
apical meristem tissue, thereby completely destroying the plant (Takeuchi et al., 2009). Further, 
later instars are voracious feeders and single or small numbers of larvae have the capacity to cause 
significant damage to plants on to which they may move following the destruction of the original 
host (Peter et al., 1986 cited in Morallo-Rejesus & Navasero-Ward, 2003). Crocidolomia pavonana 
is reported as a cosmopolitan pest (Kalshoven, 1981) and the larvae can partially develop on the 
members of the Cucurbitaceae, Asteraceae, and Fabaceae (Morallo-Rejesus & Navasero-Ward, 
2003). Additionally, an ornamental crop Clerodendron fragrans Vent (Lamiaceae) has been 
reportedly as the host plant of C. pavonana (Thayib, 1983). 
Unlike P. xylostella, C. pavanona has very few documented natural enemies. However, it 
is relatively susceptible to most insecticides and it has been suggested that a consequence of the 
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successful introduction and manipulation of D. semiclausum (through reduced insecticide inputs) 
for P. xylostella suppression has increased the pest status of C. pavonana (Smyth et al., 2003a). In 
response, farmers inevitably return to the use of inexpensive broad-spectrum insecticides and 
employ them against both pest species, despite the potential for very high levels of parasitism of P. 
xylostella by D. semiclausum (Shepard & Schellhorn, 1997). Consequently, as the natural enemy 
populations are disrupted and the pest insects are subject to intense selection for resistance to 
insecticides, pest populations frequently outbreak to unmanageable and destructive levels. 
A critical problem in the sustainable management of insect pests of Brassica crops is to 
integrate the IPM strategies designed for each pest species into a compatible integrated crop 
management (ICM) strategy. In order to achieve this, the ecological relationships between each pest 
species and their natural enemies in the distinct agro-ecosystems in which they occur need to be 
thoroughly understood, including studies on the predators of Brassica pests which until recently 
have received relatively little attention when compared with parasitoids (Furlong et al., 2013). 
This study was conducted to investigate predation of Brassica pests in two distinct 
Brassica agro-ecosystems, one in Gatton, Queensland, Australia (27°33'S, 152°18'E)  and the other 
in Lembang, West Java, Indonesia (6°47'S, 107°42'E). Brassica farming systems in these areas are 
very different due to fundamental differences in climate, geography and economic constraints. In 
Indonesia, particularly in West Java, Brassica production typically occurs year round on small 
farms on steep hillsides at elevations greater than 1000 m whereas in Queensland seasonal 
production is typically conducted in large irrigated fields. In both countries the study sites are 
located at the centre of vegetable production regions that experience similar Brassica pest problems. 
A previous study in West Java showed that the impact of D. semiclausum and predatory arthropods 
on P. xylostella populations varied between different developmental stages of the pest and between 
crop growing seasons (Murtiningsih et al., 2011). The study also showed that, although the predator 
complex often had a lower impact on the pest population than D. semiclausum, it did cause 
significant pest mortality and the combined action of both natural enemy guilds could result in 
generational declines in the pest population (Murtiningsih et al., 2011). However, the identity of the 
ecologically important arthropod predators in the predator complex remains unclear. In Queensland, 
research has shown that both the parasitoid complex (D. semiclausum, Apanteles ippeus Nixon 
(Hymneopetra: Braconidae), Diadromus collaris Gravenhorst (Hymenoptera: Ichneumonidae) and 
Pteromalus puparum (Hymenoptera: Pteromalidae)) and the predator complex significantly reduce 
P. xylostella populations (Furlong et al., 2004a, b; Furlong et al., 2014). Combined ecological and 
molecular studies have shown that the most important predators of P. xylostella are spiders from the 
families Lycosidae, Theridiidae, Salticidae, and Clubionidae, and that Lycosidae are important 
predators of C. pavonana (Furlong et al., 2014).  
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1.1 Key pests of cabbage crops 
1.1.1 Plutella xylostella 
Plutella xylostella is known as the most destructive pest of Brassica crops in the world 
(Talekar & Shelton, 1993; Furlong et al., 2013). Its high fecundity (Lim, 1986), long distance 
dispersal and migrating abilities (Chapman et al., 2002), wide range of host plants (which includes 
all cultivated Brassica species and the vast majority of Brassicaceous weeds (Talekar & Shelton, 
1993) and even commercial peas (Pisum sativum) (Lohr & Gathu, 2002) make P. xylostella the 
most important pest of Brassica crops worldwide. The ability of P. xylostella to develop on peas 
crops in Kenya is unusual and has been suggested as early phase of ecological niche expansion 
(Henniges-Janssen et al., 2011). In Indonesia, it is a significant pest of Brassica crops cultivated in 
the highland areas of Java, Bali, Sumatera and Sulawesi (Vos, 1953), while in Australia it has been 
regarded as a serious pest of Brassica vegetable crops for more than 100 years and it is increasingly 
posing a problem to the successful cultivation of canola in the south, southwest and southeast of the 
country (Furlong et al., 2008a).  
Plutella xylostella is a nocturnal moth, which has different oviposition and feeding 
relationships with its many different host plants (Silva & Furlong, 2012). The later larval instars 
consume significantly more foliage than early instars and are thus often responsible for most of the 
damage to crop plants (Talekar & Shelton, 1993). While young larvae commonly establish feeding 
sites on or, in the case of neonates in, young plant tissue, older larvae usually move to older leaves 
on lower parts of host plants in order to pupate (Chua & Lim, 1977).  
Plutella xylostella abundance greatly depends on temperature accessibility of good quality 
of food (Harcourt, 1986) and on the intensity of rainfall (Talekar et al., 1986; Murtiningsih et al., 
2011). The pest passes through four larval instars before pupating (Liu et al., 2002). The duration of 
the life cycle is highly dependent on temperature and development can be complete between 8 and 
32°C (Liu et al., 2002). The capacity of P. xylostella to develop through 18-20 generations per year 
in tropical regions results in significant damage to Brassica crops in Indonesia (Sastrosiswojo & 
Sastrodiharjo, 1986). In sub-tropical and temperate regions, fewer generations are produced each 
year but significant pest populations can build up, particularly in agro-ecosystems that are devoid of 
effective natural enemies due to the widespread use of broad spectrum insecticides (Furlong et al., 
2004a).  
 
1.1.2 Croccidolomia pavonana 
Crocidoloma pavonana can complete its life cycle in 28 days under laboratory conditions 
at 26-33°C, while at lower temperatures of 16-22°C it takes 30-41 days to complete its development 
(Sastrosiswojo & Setiawati, 1992).  The time to egg hatch is also temperature dependent but, in 
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typical field conditions in the tropics and sub-tropics, eggs usually hatch 3-4 days after being laid 
and larvae then develop through four instars. Crocidolomia pavonana eggs are laid in irregular 
masses and, within each egg mass, eggs are positioned one above another in a fish-scale like pattern 
(Morallo-Rejesus & Navasero-Ward, 2003).  An average number of 300 eggs is laid by female 
moths during their life time (Sastrosiwojo & Setiawati, 1992). Egg viability is typically around 
92%, but it is highly dependent on the host plant upon which ovipositing female moths completed 
their development (Morallo-Rejesus & Navasero-Ward, 2003). Usually C. pavonana populations 
are highest at dry times of the year and populations decline to their lowest levels after the peak of 
the wet season (Morallo-Rejesus & Navasero-Ward, 2003; Sastrosiswojo & Setiawati, 1992; Uelese 
et al., 2014). Crop phenology can significantly affect the pattern of pest oviposition (Smyth et al., 
2003a) and the pest typically builds up on the tender meristem tissue of young plants before 
populations decline as the crop matures and meristem tissue differentiates into hard apical buds or 
fleshy flowering structures (Morallo-Rejesus & Navasero-Ward, 2003). 
  Takeuchi et al. (2009) showed that first-instar larvae of C. pavonana move gregariously 
from the oviposition site to the bud of head cabbage plants and then feed on the apical meristem. 
This plant part is highly nutritious but it also contains high concentrations of glucosinolates, 
specific chemical defences of Brassicaceae.  Effective natural enemies of C. pavonana must be able 
to forage effectively on these plant parts. Young cabbage leaves overlap, especially at the early 
heading stage, and consequently C. pavonana larvae are afforded some protection when feeding in 
their preferred feeding sites. Access to C. pavonana larvae by foraging predators is further inhibited 
by the large quantity of silk which is produced by larvae, and which is used to cover the gregarious 
feeding larvae.   
   
1.1.3 History of P. xylostella and C. pavonana control in Indonesia and Australia 
The widespread use of synthetic pesticides in agriculture did not occur until the middle of 
the twentieth century and prior to this period C. pavonana was considered a more important pest of 
Brassica crops than P. xylostella in Indonesia (Ankersmit, 1953). Despite this assessment P. 
xylostella could, in certain situations, such as the dry season in highland regions, result in more 
serious damage than C. pavonana (Vos, 1953). Soon after their introduction in the mid-late 1940s, 
synthetic insecticides were used intensively in Indonesia, and by the early 1950s populations of P. 
xylostella in the highlands of West Java became the first agricultural pest anywhere in the world to 
evolve resistance to DDT (Ankersmit, 1953). Since this first report, populations of P. xylostella 
worldwide have evolved resistance to all classes of insecticide deployed against the pest (Grzywacz 
et al., 2010; Shelton et al., 2000; Furlong et al., 2013).  
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Most recent reports indicate that the pests co-occur in highland regions and that combined 
pest infestations can result in complete crop losses during the dry season (Sastrosiswojo et al., 
2004). In order to manage these pests in Indonesia, several techniques have been developed in the 
frame of integrated pest management, including cultural controls, biological control techniques (for 
P. xylostella) and chemical approaches (Sastrosiswojo, 1984). However, in the intervening years 
insecticides have continued to be intensively applied to Brassica crops for the control of both pests 
and there are reports of P. xylostella resistance to Bacillus thuringiensis Berliner (Bt) formulations 
in Indonesia (Setiawati, 1996). Similar reports from elsewhere in the world (e.g. Liu et al., 1995; 
Tabashnik et al., 1990; Shelton et al., 2000; Grzywacz et al., 2010; Furlong et al., 2013) reiterate 
the global nature of this problem and the evolution of resistance to insecticides by P. xylostella 
continues to present a significant problem for the implementation of IPM strategies world-wide 
(Shelton et al., 2000; Furlong et al., 2013). 
The application of biological control for the management of P. xylostella has a long history 
(Hardy, 1938) and it was first suggested for the management of the pest in Indonesia following 
development of insecticide resistance in the early 1950s (Vos, 1953). Natural enemies attack all 
developmental stages of P. xylostella and Delvare (2004) catalogued more than 60 species of 
parasitoids that have been recorded attacking the pest. Most major larval parasitoids belong to the 
genera Apanteles, Cotesia and Diadegma, while major pupal parasitoids are members of the genus 
Diadromus (Delvare, 2004). Following the successful establishment of Diadegma semiclausum 
collected in the UK in New Zealand (Hardy, 1938) various parasitoids of P. xylostella were 
introduced into many different parts of the world including Southeast Asia, the Pacific Islands, 
North and Central America, Africa, the Caribbean and Australia (Sarfraz et al., 2005) but successes 
have been mixed. Diadegma semiclausum was introduced into the highlands of West Java from 
New Zealand in 1950 (Vos, 1953) and Sastrosiswojo & Sastrodihardjo (1986) reported that it 
established and remained an important parasitoid (causing up to 80% parasitism) over 30 years 
later. However, Cotesia vestalis (= plutellae), which was introduced from Taiwan, proved to be far 
less effective in these highland regions (Maryam Abn & Omoy, 1995). 
Although biological control has been considered a component of management systems for 
C. pavonana, the apparent lack of effective candidate agents in most regions where the pest is 
endemic has proven a problem.  For instance, following extensive sampling in West Java, 
Sastrosiswojo & Setiawati (1992) recorded only two species of larval parasitoid, Eriborus 
argenteopilosus (= lnareolata argenteopilosa Cam.) (Hymenoptera: Ichneumonidae) and Sturmia 
inconspicuoides Bar. (Diptera: Tachinidae), and both species were recorded only at very low levels. 
In similar studies, Shepard & Schellhorn (1997) concluded that native parasitoids and 
entomopathogens in Indonesia were unable to maintain pest populations below economically 
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damaging levels. Egg parasitoids, Trichogrammatoidea armigera, have been recovered from C. 
pavonana in West Java (Buchori et al., 2010). Elsewhere in Indonesia, Sturmia sp. (Diptera: 
Tachinidae) (Nelly, 2006) and parasitoid larvae from family of Ichneumonidae (Nelly et al., 2010) 
have been recovered from C. pavonana hosts but parasitism rates were consistently low and 
parasitism was not able to reduce C. pavonana populations in cabbage crops in West Sumatra. 
Buchori et al. (2009) has shown that the low larval parasitism rates recorded from field populations 
of C. pavonana are likely due to high encapsulation rates within the host haemocoel and attempts 
have been made to suppress the immune response by the application of rocaglamide (a botanical 
extract from Aglalia odorata) (Dono et al., 2005). In Queensland, C. pavonana larvae are 
parasitised by Cardiochiles sp. (Hymneoptera: Braconidae) and Temalucha sp. (Hymenoptera: 
Ichneumonidae) but, as in Indonesia, parasitism levels are invariably extremely low (Furlong pers. 
comm.).  
Despite the clear lack of effective parasitoids of C. pavonana in Indonesia and Australia, 
Shepard & Schellhorn (1997) suggested that if there were no chemical insecticides applied in the 
field then predators would most likely become key mortality factors for C. pavonana. Recent work 
in both West Java (Murtiningsih et al., 2011) and Queensland (Furlong et al., 2014) has shown that 
predation is a major cause of mortality of both immature C. pavonana and immature P. xylostella in 
both agro-ecosystems. In Brassica agro-ecosystems in Queensland, Lycosidae are known to be 
important predators of C. pavonana and Theridiidae, Clubionidae, Salticidae and Lycosidae are 
known to impact on P. xylostella populations (Furlong et al., 2014). However, in West Java, 
although a picture of the arthropod predator complex that attacks these pests is beginning to emerge 
(Murtiningsih et al., 2011), the contribution that each of the members of the complex make to pest 
mortality remains unexplored. Both parasitic and predatory natural enemies can form the foundation 
of integrated pest management (IPM) strategies for P. xylostella and other crucifer pests (e.g. 
Furlong et al., 2004a; Furlong et al., 2008b). However, the composition of natural enemy 
complexes varies between different agro-ecosystems (Furlong et al., 2008b) and so, before specific 
management strategies can be designed and tested for a given region, it is essential to study their 
impact on pest populations and then determine the identity of the key species of natural enemies, 
particularly predators.  
 
1.2 Predators and pest management 
1.2.1 Effects of agro-ecosystems on predation 
Cropping systems affect natural enemy effectiveness in two ways, i) by influencing the 
behaviour of arthropods in exploiting their prey and ii) by affecting the diversity of natural enemies. 
Arthropod behaviour in multi-cropping systems, which support higher diversities of both vegetation 
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and arthropods, is likely to be different from mono-cropping systems. “Resource concentration” and 
“natural enemies” theory have been applied to try to understand the impact of such high diversity 
ecosystems on pest population regulation. The first theory considers that decreased pest abundance 
in the multi-cropping system is due to the disruption of pest oviposition and/or their preference for 
alternative crops (which may be trap crops) over the primary host crop. The second theory assumes 
that more diverse ecosystems will encourage higher populations of natural enemies, which will then 
directly reduce pest abundance.  
Natural enemies respond differently to ecosystem diversity. For example, generalist 
predators obtain more advantage from rich alternative prey in diverse habitats than specialist 
predators, which prefer to exploit the high abundance of prey in simpler ecosystems. In multi-
cropping systems, although gaining benefit from alternative resources, specialist predators might 
experience difficulties in locating their prey. Further, simple habitats that have high pest abundance 
would attract more specialists, particularly if the pest is the main prey for them.  
The diversity of natural enemies could be affected by the cropping system. A high 
diversity of natural enemies will more likely occur in more diverse vegetation than in more simple 
systems and it is often assumed that increased diversity of natural enemies will increase pest 
suppression; however, the evidence for this is far from clear (Letourneau & Bothwell, 2008; 
Furlong & Zalucki, 2010). Schmitz et al., (2004) showed that total predation rates in diverse 
ecosystems increase as a result of altered uses of varied prey by several different predators. Two 
explanations, “sampling effect” and “complementarity”, have been used to explain why predator 
diversity might promote pest suppression (Snyder et al., 2006). “Sampling effect” assumes that the 
likelihood of a given community containing a predator which can effectively prey on a given prey 
species increases with increasing diversity in the community, while “complementarity” assumes 
that more diverse ecosystems are more likely to contain different predator guilds which are able to 
suppress different prey populations in different ways. However, it has been shown that positive 
impacts of natural enemy diversity on pest suppression can be reduced by intra-guild predation 
(Finke & Denno, 2004). Snyder et al. (2006) indicated that competition between predators while 
exploiting similar prey (intra-guild predation) and predation of other predators can cause 
unpredictable effects on pest suppression. In addition, Straub & Snyder (2006) pointed out that 
predator identity, the composition of predator communities and the abundance of certain predators 
sometimes confound predictions of predator effectiveness based on biodiversity. In a review of the 
relationship between predator diversity and prey population suppression, Straub et al. (2008) 
reported that natural enemy biodiversity can have either positive, negative or a neutral impact on 
prey mortality. Importantly, they showed that biodiversity itself cannot be used as an accurate 
predictor of whether or not pest populations are likely to be reduced. Rather, the identity of the 
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predator species present and interactions between them determine whether or not increased 
biodiversity results in niche replacement, intra-guild predation, or functional redundancy; all of 
which affect predator effectiveness.  
There is a variety of results in studies of the effect of cropping systems in promoting pest 
population reduction. For instance, Riechert & Bishop (1990) showed that spider assemblages could 
successfully minimize pest populations in mixed vegetable crops. However in another study, 
Bjorkman et al., (2010) showed that Delia floraris populations decreased in intercrops of cabbage 
and red clover, but that reduction was due to resource concentration rather than increased natural 
enemy activity.  Studies on the impact of individual predator species on the pest population in 
question and in the agro-ecosystem of interest are essential to properly evaluate the role of natural 
enemies in pest population suppression (Borjkman et al., 2010; Furlong & Zalucki, 2010). This 
present study aimed to study pest predation in two distinct regions i.e. in West Java, Indonesia, in 
which Brassica crops are commonly grown in multi-cropping system, and in Queensland, Australia, 
where Brassica crops are usually cultivated in monoculture.  
 
1.2.2 Research on the predators of cabbage pests  
Although many researchers state that predators suppress pest populations, direct evidence 
for this is often lacking in the ecological and entomological literature (Greenstone et al., 2007) and 
consequently, the ecological role of many putative predators in agro-ecosystems remains to be 
proven (Furlong & Zalucki, 2010). Difficulties arise in the study of predation due to the many 
factors that affect predator activity and efficacy; the often laborious methods that are required in 
order to positively identify predation events and, more specifically, to identify the effective 
arthropod predator species in the agro-ecosystem.  
High and efficient foraging efficiencies are essential traits for predators that may have the 
capacity to effectively suppress insect pest populations.  For instance, Almeida et al. (2009) found 
that predators such as Ceraeochrysa claveri Navás (Neuroptera: Chrysopidae), which can 
effectively search for and handle small prey, have the capacity successfully prey upon P. xylostella 
larvae that are often concealed within their Brassica host plants. Similar characteristics are likely to 
be important in determining which predators can be effective natural enemies of C. pavonana 
larvae, which also feed in concealed sites within their Brassica host plants. However, predator and 
prey characteristics alone do not determine whether or not a given predator will be an effective 
natural enemy of a given pest species and host plant characteristics such as leaf structure and 
morphology can significantly interact with predators (Eigenbrode et al., 1999). For example 
Chrysoperla plorabunda (Fitch), a predator of P. xylostella, forages more effectively on glossy 
cabbage rather than on cabbage plants with a normal wax bloom. In addition, Eigenbrode & Kabalo 
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(1999) showed that plant morphology could become a part of indirect plant defences against pest 
attack and showed that Hippodamia convergens (Coleoptera: Coccinelidae) and C. plorabunda have 
a greater impact on P. xylostella pest populations on glossy leaf cabbage compared to normal-wax 
cabbage. Other factors that influence the role of predators in pest management are their spatio-
temporal relationships with their prey (Suenaga & Hamamura, 2001) and predators must have the 
ability to respond to increases in prey density; this ability depends both on the pest and the type of 
agro-ecosystem involved (see section 1.2.1). 
Research on the impact of predators on pest populations is challenging because of the 
limited techniques available to provide evidence of predation in the field; this is particularly true for 
invertebrate predation. Measuring field predation rates is difficult, as the abundance of a natural 
enemy in the field often does not reflect its capacity to control pest populations (Greenstone et al., 
2007). Predator-prey relationships are affected not only by the functional and numerical response of 
predators to the prey density but also by the preference and acceptance of predators of prey as 
opposed to non target prey available in the field (Symondson et al., 2002).  In order to achieve 
successful biological control neither spatial density dependence nor density-independence is 
essential (Matsumoto et al., 2004). Thus, studying the actual interactions between prey-predator and 
host-parasitoid associations is essential to develop a quantitative description of food web 
mechanisms in the field which can be used as a part of the decision making process in integrated 
pest management. To this end, quantitative and qualitative analyses of the diet of predators using 
molecular techniques is important (Symondson et al., 2002).   
Research on actual prey-predator interactions, however, is challenging partly because of 
the difficulty in finding the evidence of predation in the field (Symondson et al., 2002); this is 
particularly true for invertebrate predation of other invertebrates. Visual observation of the 
predation event is difficult due to the relatively short-lived interaction between predators and their 
prey. This is even more difficult for predators that completely ingest their prey or those that 
consume the fluid or soft parts of their prey, making visual identification of prey within with guts of 
predators very difficult (Furlong et al., 2014; Furlong, 2015).  
Some studies have investigated predation of cabbage pests, for example,  predation of root 
maggot Delia spp. (Diptera: Anthomyiidae) by Aleochara bilineata Gyllenhal (Coleoptera: 
Staphylinidae) (Broatch et al., 2008), the relationship between predation and parasitism in P. 
xylostella larvae parasitized by Cotesia plutellae (Hymenoptera: Braconidae) and preyed upon by 
Podisus maculiventris (Hemiptera: Pentatomidae) (Herrick et al., 2008), the effect of host plant 
chemicals on predator foraging (Rayor et al., 2007), and increased aphid suppression by higher 
diversities of predators (Snyder et al., 2006). Although new methods have been developed to 
determine predation activity in the field, only a few studies have been done in cabbage crops in 
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Indonesia. Most of these studies conclude that a high diversity of natural enemies has a positive 
impact on reducing pest populations (Sastrosiswojo & Setiawati, 1992; Murtiningsih, 2002; 
Setiawati & Ashandi, 2003; Murtiningsih et al., 2011). A number of predators of C. pavonana have 
been detected in cabbage agro-ecosystems in Indonesia, e.g. ground beetles (Coleoptera: Carabidae) 
and spiders (Araneidae) (Sastrosiswojo & Setiawati, 1992) but the impact of these predators on pest 
populations has not been experimentally studied and, as such, their significance in pest regulation is 
still unclear.  
There is also limited study of predation in Brassica crops in southeastern Queensland, 
Australia although predators, particularly spiders (Senior & Healy, 2011), have been shown to 
reduce P. xylostella populations on commercial Brassica farms (Furlong et al., 2004a, b) and in 
experimental plots (Furlong et al., 2014).  Different predators comprising the natural enemy 
complex can have different impacts on different pests within the same crop (Furlong et al., 2014). 
For example, the foliar-dwelling spider families Theridiidae and Clubionidae targeted P. xylostella, 
which complete their development on plant leaves and rarely, under normal circumstances, come 
into contact with the soil surface. However, the Lycosidae, which are principally ground-dwellers, 
appear to be more important predators of C. pavonana, which is larger than P. xylostella and has a 
pre-pupal stage which moves across to the soil surface before pupating in the soil (Furlong et al., 
2014). Thus, studying both foliar and ground-dwelling predators is essential (Sunderland et al., 
1987), as key predators of a given species in a given ago-ecosystem might forage either on the 
plants, on the ground or both on plants and the soil surface (Sunderland, 1999).  
Although there is evidence that predators may suppress Brassica pest populations in both 
Indonesia and Australia, the relationship between putative predators and pest species in cabbage 
agro-ecosystems is not fully understood. Consequently, integrated studies of natural enemies in both 
agro-ecosystems are required to determine the ecologically important species of predators and the 
conditions that might promote their activity for improved pest management. Such an approach is 
consistent with the suggestion of Landis et al., (2000) that research on prey-predator relationships 
should be conducted to measure the predator impact on pest populations rather than simply monitor 
predator diversity and abundance, as is frequently the case (Letourneau & Bothwell, 2008). For 
these reasons, the present study was conducted to acquire information regarding not only which 
natural enemies are present in Brassica crops in both study sites (West Java and Queensland) and 
their population dynamics, but also to determine their actual impact on pest populations by 
combining rigorous ecological studies to assess the impact of all natural enemies on pests with 
molecular methods which enable the identification of predators that have recently consumed target 
prey species to be identified. 
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1.2.3 Approaches the study of predation of agricultural pests  
The importance of the assemblages of predators, particularly generalist predators, in 
suppressing pest populations has been widely acknowledged and it is thoroughly reviewed by 
Symondson et al. (2002). In addition, research interest in the importance of predators in pest 
management has increased significantly in recent years due to their potential to reduce the quantities 
of synthetic insecticides that are currently central to many pest management programs and which 
have detrimental effects on the environment and human health (Letourneau & Bothwell, 2008; 
Furlong & Zalucki, 2010). However, it is difficult to clearly demonstrate the impact of predators on 
the pest populations and Mills & Kean (2010) suggest that successful biological control must be 
supported by comprehensive studies on natural enemy behaviour, a deep understanding of natural 
enemy ecology using molecular methods and ecological approaches, including modelling. Such 
studies will allow selection of the appropriate natural enemies, decisions on the best release or 
conservation strategy for the selected natural enemies and also allow one to predict or determine the 
impacts of biological control on both the target and non-target arthropod species.  
When investigating the impact of predators on prey populations there is no single method 
that can be employed to answer all the important questions required and a combination of well- 
designed ecological experiments, combined with molecular based techniques which allow the 
identification predator species that have consumed target prey, is the most likely approach to 
achieve success (Furlong, 2015). Such an approach was first employed by Ashby (1974) who used 
natural enemy exclusion cages to infer the impact of predators on target Pieris rapae prey 
populations, and combined these studies with serological methods to detect the remains of prey 
items in the guts of putative predators which were collected in simultaneous studies. In recent years, 
the range of molecular techniques available to detect predation has expanded enormously (Sheppard 
& Harwood, 2005; Greenstone et al., 2014; Furlong, 2015), however, very few studies have 
effectively combined these methods with appropriate field studies and hence the enormous potential 
that they offer to increase our understanding of predator-prey relationships has not yet been 
maximised (Furlong, 2015).  
 
1.2.3.1 Ecological approaches to investigating arthropod predator-prey relationships 
Ecological approaches using the construction of life tables for pest insects allow the causes 
of mortality to be determined and, by implication, the ecological role of predators to be identified 
(Bellows & Van Driesche, 1999). However, life tables do not allow the efficacy of natural enemies 
to be measured, nor do they permit assessment of the impact of natural enemies on prey populations 
to be determined (Luck et al., 1988; Luck et al., 1999). Thus it is important to combine life tables 
with ecological methods which enable the impact of natural enemies to be assessed to obtain the 
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data necessary for the efficacy and impact of biological control agents to be determined (Furlong et 
al., 2004a). Basically, this impact can be determined by comparing the mean density of a pest in the 
absence and the presence of biological control agents (Van Driesche et al., 2008). Techniques that 
can be used to assess the impact of natural enemies on pest populations are the insecticidal check 
method, in which insecticides are used to remove predators from one site and populations are 
compared with another similar site where natural enemies have not been eliminated (DeBach & 
Huffaker, 1971; Symondson et al., 2002), the predator check experiment, in which predators are 
selectively removed from experimental sites by hand (Hooks et al., 2003), and natural enemy 
exclusion methods, whereby cohorts of pest insects of interest are allowed to develop following the 
physical exclusion of natural enemies (Furlong et al., 2004a). If these techniques are combined, 
then life tables can be used to identify causes of mortality and marginal death rates associated with 
these different causes can be calculated in the absence and presence of natural enemies; thereby 
demonstrating whether or not natural enemies have impact on pest populations. The degree to 
which the natural enemies actually suppress the pest populations can be estimated by comparing 
survival rates in the presence and absence of the natural enemies.  
 
1.2.3.2 Molecular approaches to investigating arthropod predator-prey relationships 
Visual observation of the predation events, particularly for cryptic invertebrates, is 
challenging and gut-contents analysis of predators allows such event to be identified without 
disturbing the ecosystem. However, visual detection of arthropod prey items in the guts of 
arthropod predators is usually impossible as in most circumstances predators only consume the fluid 
of prey (Symondson et al., 2002). In recent years, many molecular techniques, such as the use of 
radionucleotides, serological based methods and the detection of deoxyribonucleic acid (DNA) 
fragments, have been developed which enable specific prey items within the guts of predators to be 
identified (Sheppard & Harwood, 2005). Serological techniques based on monoclonal antibodies 
offer great promise due to their sensitivity and reliability, and the fact that assays are relatively easy 
to conduct and offer the potential to distinguish between different stages of prey of a given species 
(Table 1). Similarly, techniques that use polymerase chain reaction (PCR) methods to amplify prey 
DNA extracted from predator guts offer great promise although, unlike antibody-based methods, 
they cannot distinguish between different prey stages (Table 1) (Hagler et al., 1993; Symondson et 
al., 1997; Greenstone & Morgan, 1989). However, the sensitivity of both of these methods is 
limited by digestion of prey antigens or DNA in the predator gut and they are unable to determine 
the number of prey consumed. Whichever approach is adopted, it is critical to do the analysis as 
soon as possible after predator capture to avoid the possibility of failing to detect positive predation 
events (Juen & Traugott, 2005). 
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Monoclonal antibodies have been considerably more effective for detecting specific target 
prey (Zaidi et al., 1999), different prey species (Hagler et al., 1993; Symondson et al., 1997) or 
even different stages of target prey species (Greenstone & Morgan, 1989) compared to polyclonal 
antibodies (Zaidi et al., 1999). However, antibody based techniques provide difficulties for studying 
the complex interactions of prey and predators in agro-ecosystems due the time consuming, 
expensive and complex process required for their development (Zaidi et al., 1999). The possibility 
of detecting the presence of specific prey DNA within the gut-contents of predators using PCR 
techniques (Zaidi et al., 1999) and the detection of prey DNA within the gut-contents of field-
collected predators (Agusti et al., 1999) was first reported in 1999. Since then, this technique has 
been widely used and it is currently the dominant approach taken to identify the gut-contents of 
arthropods predators in the field (Furlong, 2015).  
The polymerase chain reaction (PCR) is a molecular method employed to amplify small 
quantities of DNA or RNA to allow fragment isolation and detection (Hoy, 2013). The most 
frequently selected target for the development of species-specific primers is the mitochondrial DNA 
(mtDNA) cytochrome oxidase I (CO1) gene. All cells within an organism have multiple copies of 
this gene and the high variability of this mtDNA (Zhang & Hewitt, 1996) make the separation of 
organisms that are closely related genetically possible (Greenstone & Shufran, 2003).  
Detection of prey DNA within the gut-contents of predators using PCR methods has been 
widely used in field-based studies (Furlong et al., 2014); particularly to determine trophic links 
between predator and prey taxa (Furlong, 2015). This molecular technique has also been used to 
identify the prey preference of predators for specific prey (Agusti et al., 2003a, b; Harwood et al., 
2004; Kobayashi et al., 2011; Kuusk & Ekbom, 2012; Schmidt et al., 2012; Opatovsky et al., 2012; 
Chapman et al., 2013; Aslam et al., 2013) and it can also be used provide the evidence of prey 
consumption by different developmental stages of the same predator (Zhang et al., 2007a; Harwood 
et al., 2009). Additionally, the number of prey items consumed by predators can be estimated using 
real-time PCR (Zhang et al., 2007b), but this requires careful laboratory calibration and 
extrapolation to the field is difficult.  PCR based methods cannot be used to identify secondary or 
intraguild predation (Sheppard et al., 2005; Sheppard & Harwood, 2005) and in order to investigate 
cannibalism, secondary predation and scavenging events antibody based techniques must be 
employed (e.g. Hagler & Blackmer, 2013; Zilnik & Hagler, 2013). Harper et al. (2005) proposed 
the use of a multiplex-PCR approach, a technique which employs multiple prey-specific probes to 
amplify DNA of various prey species concurrently, in order to simultaneously study predation of 
more than one prey species by a given predator complex. This method is particularly advantageous 
for studying predation by generalist predator species that utilise multiply prey items (Juen & 
Traugott, 2007). 
14 
 
 
Table 1.1 Advantages, disadvantages and limitations of the principal molecular techniques for 
studying arthropod predation 
 Molecular method 
 Monoclonal antibodies DNA-based  
Advantages  Enables data collection from complex 
trophic interactions without disrupting 
the ecosystem 
 Accurate and rapid detection of prey 
remains within predator guts or faecal 
samples. 
 Possibility to determine 
developmental stage of prey 
consumed  
 Most have long detection times for 
prey antigens following feeding 
 Enables data collection from 
complex trophic interactions 
without disrupting the ecosystem 
 Accurate and rapid detection of prey 
remains within predator guts or faecal 
samples. 
 Easier and cheaper to develop and 
use than monoclonal antibodies 
 Enables the employment of single 
assays to study complex food webs 
involving multiple prey and 
predator interactions through 
application of multiplex PCR  
Disadvantages  Laborious, expensive, long time to 
develop, especially for multiple 
monoclonal antibodies which are 
important for the study of complex 
food-webs 
 Unable to differentiate the stages of 
prey 
Limitations  Potential error from scavenging and secondary predation 
 Detectability in gut is greatly affected by time after feeding (Agustí et al., 
2003a), temperature (Hoogendoorn & Heimpel, 2001), weight, size, 
developmental stage and sex of predator (Hoogendoorn & Heimpel, 2001; 
Sheppard et al., 2005), and prey size and subsequent food intake (Hoogendoorn 
& Heimpel, 2001; Juen & Traugott, 2005) 
 
Detection of prey DNA within the gut of predators is affected by the marker DNA 
sequence selected, developmental stage of predators, prey species and meals consumed prior to and 
post the predation events of interest (Sheppard & Harwood, 2005). Understanding precisely how 
these factors influence detection of prey DNA extracted from the guts of predator is essential for 
appropriate data evaluation and interpretation. In the analysis of P. xylostella DNA from a range of 
predators representing three different feeding guilds, Hosseini et al. (2008) demonstrated that both 
environmental and physiological factors influenced the detectability half-life of DNA within 
predator guts but that detection of prey DNA was not influenced by subsequent food intake, sex or 
weight of the predators studied.   
 
1.2.3.3 Combining ecological and molecular approaches  
Combining ecological studies with molecular approaches to identify the remains of prey in 
the guts of predators provides a mechanism through which the effects of predation on the 
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population dynamics of prey can be assessed and the identity the ecologically important species 
within the predator complex can be determined (Furlong, 2015). Such a combined approach is 
important as ecological techniques alone can only demonstrate the impact of the predator complex 
but not the role of specific members of the complex, while in isolation, although molecular 
techniques can identify predators that have consumed target prey they provide no information on 
the ecological impact of those predators on pest populations.  
Many studies have utilised molecular based gut-content analysis of predators to show a 
correlation between prey density and the proportion of the predator population that contain target 
prey DNA (e.g. Ma et al., 2005; Unruh et al., 2008; Gao et al., 2009; Jaramillo et al., 2010;  
Kerzicnik et al., 2012). Such studies do not provide evidence that these predators suppress prey 
populations. Far fewer studies combine such molecular approaches with appropriate ecological 
measurements to demonstrate the impact of specific predators on prey populations (Dempster, 
1967; Asbhy, 1974; Firlej et al., 2013; Lundgren & Fergen, 2011) 
Although application of molecular gut-contents analysis in tandem with ecological 
methods can provide a more comprehensive understanding than either technique deployed alone, 
interpretation of the molecular gut-contents analysis data is not straightforward. First of all the data 
are qualitative, predators either test positive or negative for target prey items, depending on the 
presence or absence of target DNA in their guts. The period for which prey DNA remains 
detectable in predator guts following ingestion depends upon may factors including, the species of 
predator (Hoogendoorn & Heimpel, 2001), the species of prey (Juen & Traugott, 2006), time after 
feeding (Agustí et al., 2003a), temperature (Hoogendoorn & Heimpel, 2001), weight, size, 
developmental stage and sex of predator (Hoogendoorn & Heimpel, 2001; Sheppard et al., 2005), 
prey size and subsequent food intake (Hoogendoorn & Heimpel, 2001; Juen & Traugott, 2005), the 
methods of DNA extraction (Juen & Traugott, 2005), the sensitivity and stability of primers (de 
Leon et al., 2006), the number of copies ofgene sequences (Zaidi et al., 1999) and the size of 
amplification products (Agustí et al., 1999, 2000; Chen et al., 2000; Hoogendoorn & Heimpel, 
2001). As prey detection is affected by so many variables, simply measuring the proportions of 
different predators within in a predator complex that are positive for prey DNA does not allow the 
relative importance of different predators to be assessed. In order to effectively interpret such data, 
the period for which the specific sequences of prey DNA targeted remain detectable in specific 
predator guts must be determined empirically in laboratory assays, ideally at over a range of 
temperatures, or at a temperature similar to that experienced by predators in the field. Typically the 
time after prey consumption in which target DNA can be detected in 50% of the predators known to 
have fed on a known quantity of DNA is used. This is known as the detectability half-life for that 
specific DNA sequence in a specific predator under given environmental conditions (Greenstone et 
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al., 2014). The assay is particularly important when studying a complex of predators in the field as 
the appropriate weighting of each potential predator can be determined based on the detectability 
half-life and, the proportions of the various predators positive for target prey in field collections and 
the relative abundance of the different predator species that comprise the predator complex 
(Greenstone et al., 2010).  
The half-life detectability P. xylostella DNA in predators was first determined by Ma et al. 
(2005); the work showed that the detectability half-life for target P. xylostella DNA within the gut-
contents of Nabis kinbergii (Hemiptera: Nabidae) and Lycosa sp. was 16 and 72 hours respectively. 
Hosseini et al. (2008) reported that at 20ºC, the detectability half-life of P. xylostella DNA within 
Venator spenceri Hogg. (Araneae: Lycosidae), N. kinbergii and Hippodamia variegate (Goeze) 
(Coleoptera: Coccinellidae) was 49 h, 36 h and 17 h respectively. These studies provide valuable 
information on the relative processing times of prey DNA within different predator groups but 
further similar studies are required if different prey DNA sequences are used in future studies.  
Appropriate sampling of predators is also important for both ecological and molecular 
approaches. Choosing optimal sampling and collection techniques, particularly to obtain ideal 
predator specimens for gut-content analysis, is very challenging. King et al. (2008) and Harwood & 
Obrycki (2005) stress the importance of appropriate storage of individuals following collection to 
avoid cross contamination between predators before analysis. Further, Harwood et al. (2007) 
suggest that, wherever possible, predators which are to be subject to molecular analysis of gut 
contents should be collected individually either by hand (Juen & Traugott, 2007) or using an 
aspirator to capture small quick-moving predators (Read et al., 2006). Both King et al. (2008) and 
Harwood & Obrycki (2005) warn against the use of vacuum sampling methods to collect predators 
for subsequent molecular analysis as this is highly likely to result in cross contamination during 
collection and there is also a strong possibility of post collection intra-guild predation before 
sampled predators can be separated. Such contamination will result in unacceptable false-positives 
and overestimates of the importance of some predator taxa. However, King et al. (2008) recognise 
that vacuum sampling allows rapid and efficient collection of arthropod predators for molecular 
analysis and suggest that the method can be used provided that steps are taken to minimise the 
possibility of cross-contamination, for instance, by quickly placing arthropod receptacles into an ice 
container or collecting them individually as soon as vacuum sampling is completed. Another 
method that could be used for gathering arthropods for gut analysis is the use of pitfall traps. 
Despite some problems which often occur in the use of pitfall trapping (e. g. rapid degradation of 
prey DNA within predators in aqueous collecting media and the possibility of intra guild predation 
in dry pitfall traps) the method is useful particularly for collecting large nocturnal predators which 
are difficult to find in the field (King et al., 2008), and careful selection of preservative collection 
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media (Weber & Lundgren, 2009b) can result in useful collections of predators for gut-contents 
analysis. 
When trying to comprehensively sample the predatory arthropod fauna of an agro-
ecosystem it is essential that a variety of sampling techniques are employed in order to ensure that a 
representative sample, which includes individuals from the different micro-habitats within the 
system, are collected. The deployment of appropriate techniques must consider the type and 
behaviour of natural enemies (Amalin et al., 2001), including the distinctive behaviours of different 
predator groups (e.g. diurnal patterns of activity, ambush versus active hunting foraging strategies 
and epigeal versus foliar foraging patterns) and these must be taken into account when deciding 
upon sampling methods. Thus accurate comprehensive sampling of arthropods provides a 
significant challenge even when the goal is just to record numbers; the challenge becomes greatly 
increased when the aim is to accurately estimate the population structure of predatory guilds while 
collecting specimens that can be subject to gut contents analysis to determine which prey items they 
have recently consumed.   
Plant sacrifice and systematic destructive sampling to collect and record all of the 
arthropods on the plant provides the most accurate method to determine the absolute numbers of 
predators and pests (prey) on single plants. However, this technique also has its drawback as flying 
and/or rapidly moving insects can leave the plant prior to or during the destructive sampling 
process. Thus appropriate treatment of the plant at the time of collection is of paramount 
importance; for example small plants can be quickly bagged in situ before they are removed from 
the field for examination (Furlong et al., 2014) to ensure that all arthropods on the plant at the time 
of sacrifice are collected. If this approach is taken in order to collect predators for subsequent gut 
content analysis, then individual predators must be separated and cooled as soon as possible after 
collection to avoid cross contamination or degradation of prey in the gut.  
Vacuum suction is another sampling technique which has been widely used but it, too, 
collects a biased sample which is determined by the catchability of different arthropods at the edge 
of the suction nozzle (Samu et al., 1997). Further, as demonstrated by Schellhorn et al. (2004), the 
method can neglect some species, although it has proven effective for collecting spiders (Samu et 
al., 1997). However, as described above, the method has serious limitations when used to collect 
arthropod predators for gut contents analysis and cross contamination of samples can easily occur. 
Pitfall trapping, a method in which cups are buried at the level of the soil surface and then 
partially filled with an appropriate collecting liquid or preservative, is a useful method to sample the 
epigeal arthropod fauna that randomly encounters them (Harwood, 2008). However, due to 
differences in the activity of different predator groups, it is not a method that allows the relative 
proportion or densities of different epigeal predators to be determined (Greenslade, 1964; Lundgren 
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et al., 2006; Suenaga & Hamamura, 2001). Further, the method is influenced by ambient 
temperature, the inhibiting effect of vegetation on predator movement and by predator behaviour if 
target organisms are attracted to or avoid traps. Despite of these drawbacks, the method provides a 
useful method for sampling ground dwelling predatory arthropods and if traps are filled with 
appropriate storage liquids they can provide a source of predators which are suitable for gut 
contents analysis (Weber & Lundgren, 2009b).  
The medium used in pitfall traps is critical if the purpose of collecting epigeal arthropods is 
for gut contents analysis. Rubink et al. (2003) showed that propylene glycol was successfully used 
to preserve honey bee (Apis mellifera) DNA prior to genetic analysis and they suggested that 
propylene glycol could be used as a useful capture and preservative medium for pitfall trapping of 
arthropods. Vink et al. (2005) suggested that propylene glycol could also be used to preserve 
arthropod specimens when freezers were unavailable, or for practical reasons during field 
collection, but stressed that preservation of specimen in 95% ethanol at low temperatures (-20
o
C or 
-80
o
C) prior to DNA extraction is the best storage method if specimens cannot be analysed 
immediately. In addition, Lundgren et al. (2009) showed that ethylene glycol could be used to 
preserve arthropod specimens prior to DNA analysis. It is important to examine the effect of 
different collecting media on the integrity of DNA in the guts of predators when collecting epigeal 
predators for subsequent gut contents analysis using DNA based methodologies. However, to date 
very few studies have been done in this area and the proposed research will contribute significantly 
to this rapidly expanding research area. 
 
1.3 Study focus and research goals  
In order to thoroughly understand the ecological relationships between P. xylostella, C. 
pavonana and their natural enemies in the distinct agro-ecosystems of southeastern Queensland and 
West Java, this study investigated the impact of natural enemies on the pest populations in each 
area. Natural enemy exclusion studies were used to measure the impact of predators and parasitoids 
on pest populations and life tables were built to identify the major causes of mortality. These field 
studies were then complemented by DNA analysis of predator gut-contents to determine which 
members of the predator complexes sampled from foliage and the ground in the two agro-
ecosystems feed on the target pest insects. 
 
The specific research goals of the study were to: 
a) Confirm the specificity of previously developed primer sequences for mtCO1 DNA from P. 
xylostella, C. pavonana and P. rapae for detecting predation in field collected predators from 
Queensland, Australia and West Java, Indonesia (Chapter 2) 
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b) Determine the half-life detectability of the specific mtCO1 DNA sequences of P. xylostella  and 
C. pavonana in key predator groups (Chapter 2) 
c) Evaluate pitfall trapping and different collection media for sampling epigeal predators in 
Brassica crops and to assess the utility of this technique for collecting predators for molecular 
gut-contents analysis (Chapter 3) 
d) Conduct combined ecological and molecular studies in southeastern Queensland, Australia to 
investigate predation of: 
i) winter and spring populations of P. xylostella (Chapter 4) 
ii) summer and autumn populations of C. pavonana (Chapter 5) 
e) Conduct combined ecological and molecular studies to simultaneously investigate predation of 
co-occurring P. xylostella and C. pavonana in West Java, Indonesia (Chapter 6) 
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Chapter 2: The specificity of primers for Plutella xylostella, Crocidolomia pavonana and Pieris 
rapae mtCO1 DNA and their half-life detectability in key predator species  
 
2.1 Introduction 
The remains of arthropod prey consumed by arthropod predators are difficult, or indeed 
impossible, to distinguish visually within the guts of predators.  However, this problem can be 
overcome if postmortem analysis of gut-contents can be identified at the molecular level. Dempster 
(1960) first applied serological gut-contents analysis to quantitatively investigate arthropod 
predation, and raised antibodies to Phytodecta olivacea Forster (Coleoptera: Chrysomelidae), which 
were then used in a precipitin test to detect P. olivacea in the guts of its predators that were 
systematically sampled during a long-term study. Both Dempster (1967), and then Ashby (1974), 
used a similar approach to quantitatively investigate Pieris rapae L. (Lepidoptera: Pieridae) 
predation. Since this pioneering work, polyclonal antibodies have largely been replaced by 
monoclonal antibodies (Greenstone, 1996), which are usually deployed in enzyme-linked 
immunosorbent assays (ELISA) (Symondson, 2002; Sheppard & Harwood, 2005). 
Despite the success of antibodies in detecting predation events in invertebrate predators, 
they have largely been superseded by DNA-based techniques, and this technology is now most 
often used to analyze the gut-contents of field-collected predators (Furlong, 2015).  A wide variety 
of prey genes have been used to detect the remains of prey within predator guts, but sequences in 
mitochondrial genes (mtDNA), particularly the cytochrome oxidase subunit I (CO1) gene, dominate 
(Furlong, 2015). This gene contains conserved regions, that are perfect for rapid amplification and 
sequencing of DNA and variable regions that are suitable targets for group-specific primers, 
allowing species level discrimination (Symondson, 2002). In any study, once appropriate primer 
sequences have been designed their specificity and sensitivity need to be tested to ensure that they 
only amplify target DNA sequences in target prey. The primer sequences used in this study were 
developed previously by Rowley, D.L. & Greenstone, M.H. (Furlong et al., 2014; Table 2.1) and 
designed to amplify DNA sequences from the mtCO1 DNA of Plutella xylostella (Lepidoptera: 
Plutellidae), Crocidolomia pavonana F. (Lepidoptera: Crambidae) and P. rapae.   
When field collected predators are tested for prey DNA using specific primer pairs, they 
will test positive or negative, depending on the presence or absence in their guts of the target DNA 
sequences to be amplified. As such, they provide only qualitative information about given predator-
prey interactions and they yield binary data (Greenstone et al., 2010). Prey digestion in the guts of 
predators is affected by a multitude of interacting variables: time since prey consumption (Chen et 
al., 2000), predator identity (Hosseini et al., 2008), prey identity (Harper et al., 2005), quantity 
consumed (Hoogendoorn & Heimpel, 2001), temperature (Hosseini et al., 2008), the size of the 
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amplification products (Agustí et al., 1999, Chen et al., 2000, Hoogendoorn & Heimpel, 2001) and 
subsequent starvation or feeding on different prey items (see Greenstone et al., 2014 and references 
therein). Thus although such qualitative molecular approaches can be used to identify predation on 
a given prey species, their ability to estimate precisely what a predator might have eaten in the field 
(i.e. stage, size or quantity of specific prey), and when it might have done so, with any confidence is 
impossible.  
However, assuming that a predator complex suppresses a prey population, then DNA-
based gut-contents analysis does allow the relative contribution of each predator in the complex to 
be estimated (Greenstone et al., 2010); provided that detectability of the target DNA at times after 
prey consumption is known. Typically this is measured as the detectability half-life of the given 
DNA sequence in a given predator and it is defined as the time after feeding at which prey remains 
can be detected in only half of the assayed predators (Greenstone et al., 2014). Greenstone et al. 
(2010) used an approach based on the detectability half-life of Leptinotarsa decemlineata (Say) 
(Coleoptera: Chrysomelidae) CO1 DNA in the well-characterized arthropod predator complex 
feeding on L. decemlineata in potato crops the USA to demonstrate the importance and utility of 
integrating detectability half-life measures into the interpretation of gut-contents analysis data. The 
different predators that comprise the complex were fed identical meals (a single L. decemlineata 
egg) at field temperatures. These were then divided into groups that were killed at intervals and the 
proportion of each group remaining positive for target prey DNA at each interval was then 
determined to estimate the detectability half-life. These data were then used to weight the incidence 
of prey detected in each predator species from the field collections and the predator species were 
then ranked to adjust for the bias towards predators that have slower digestion rates (Greenstone et 
al., 2010). This work demonstrates the importance and value of understanding the period over 
which the assay is able to reliably detect prey remains within predator guts (Greenstone et al., 
2010). Collection of data that show that prey remains decay within predator guts is commonplace 
(Furlong, 2015), however, it is typically included in experimental protocols to ensure that the assay 
can detect prey remains after an arbitrary period in the predator gut. Consequently the majority of 
studies that have utilized molecular gut-contents analysis to investigate predation have not 
adequately investigated prey detectability in the guts of predators to allow meaningful correction of 
field collected data to be performed (Furlong, 2015). The adoption of methods such as those 
proposed by Greenstone et al. (2010, 2014) will improve the utility of gut-contents analysis 
approaches to identify important predators in characterized agro-ecosystems, but the great 
contribution that molecular gut-contents analysis has the potential to provide to predation research 
will only be realized if this technology is applied in conjunction with direct experimental 
approaches to evaluate the impact of predators on prey populations. 
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In this study the specificity of the previously developed primer sequences for P. xylostella, 
C. pavonana and P. rapae was further confirmed by testing them against a wider range of arthropod 
herbivores and predators collected from Brassica fields in southeastern Queensland, Australia than 
had previously been possible. They were also tested against arthropod herbivores and predators 
collected from Brassica fields in West Java, Indonesia. The detectability half-life of target mtCO1 
DNA sequences in P. xylostella and C. pavonana in predators commonly found in the Brassica 
agro-ecosystem in southeastern Queensland, Australia were then established in laboratory feeding 
trials conducted at constant temperatures (20, 25 and 30°C). Specifically, the detectability half-life 
of P. xylostella mtCO1 DNA in the spider families Theridiidae, Linyphiidae, Clubionidae and 
Lycosidae and the detectability half-life of C. pavonana mtCO1 DNA in Theridiidae and Lycosidae 
was measured. 
 
2.2 Materials and methods 
2.2.1 Specificity of primers 
2.2.1.1 Arthropod collection 
The specificity of primers previously developed for P. xylostella (DBM1S and DBM2A), 
C. pavonana (CPAV1S- and CPAV2A-) and P. rapae (CPAV1S and PRAP1A) (Table 2.1; Furlong 
et al., 2014) was investigated by testing them against a range of herbivorous and predatory 
arthropods commonly found in Brassica crops in southeastern Queensland, Australia and the 
highlands of West Java, Indonesia (Table 2.2). Arthropods were hand collected from cabbage crops; 
a forceps was used to remove Lepidopteran larvae from plants and an aspirator was used to collect 
more rapidly moving arthropods form the plant or soil surface. Herbivores were placed directly into 
96% ethanol in 1.5 ml micro-centrifuge tubes upon collection and stored at -20ºC in a freezer until 
used in primer specificity tests. Predatory species were transferred from the aspirator, held singly in 
small plastic containers (30 ml) and incubated for 7 days at 25ºC; predators were supplied with 
water by placing a saturated dental wick in to the plastic container but they were not fed.  
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Table 2.1 Specific primer sequences for P. xylostella, C. pavonana and P. rapae mtCO1 DNA (Furlong et al., 2014) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Species Primer Sequence 
Amplicon 
size (bp) 
Genbank 
Accession # 
P. xylostella DBM1S TTAATATAAAAAGAAATGGAATGTCA 
165 KC986828 
 DBM2A CTGCAGGATCAAAGAAGGA 
C. pavonana CPAV1S - GTAGAAAATGGAGCAGGAACAG 
276 KC986830 
 CPAV2A - TTTTTTTTTTTTTTTCAGCTAATACAGGAAGAGAAAGAA 
P. rapae CPAV1S GTAGAAAATGGAGCAGGAACAG 
250 KC986829 
 PRAP1A CTGGTAATGATAATAGTAAAAGTAAAG 
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Table 2.2 Arthropod herbivores and predators collected from Brassica crops at Gatton, Queensland, Australia and Lembang, West Java, Indonesia 
used to test the specificity of primers developed for P. xylostella, C. pavonana and P. rapae mtCO1 DNA. 
Arthropod 
Feeding guild 
Order     Family Species Collection site Study 
Herbivore Collembola - unidentified  Gatton, Qld Current 
 Dermaptera Labiduridae Nala lividipes Gatton, Qld Current 
 Hemiptera Aphididae Myzus persicae Gatton, Qld Current 
 Lepidoptera Crambidae Crocidolomia pavonana Gatton, Qld; Lembang, WJ Current; Furlong et al. (2014) 
   Hellula sp. Lembang, WJ Current 
  Noctuidae Helicoverpa armigera,  
Spodoptera sp. 
Gatton, Qld; Lembang, WJ 
Lembang, WJ 
Current; Furlong et al. (2014) 
Current 
  Pieridae Pieris rapae Gatton, Qld Current; Furlong et al. (2014) 
  Plutellidae Plutella xylostella Gatton, Qld; Lembang, WJ Current; Furlong et al. (2014) 
Predator Araneae Clubionidae Clubionia sp. Gatton, Qld Furlong et al. (2014) 
  Gnaphosidae unidentified species Gatton, Qld Furlong et al. (2014) 
  Linyphiidae Erigone sp., Laetesia sp. Gatton, Qld Furlong et al. (2014) 
  Lycosidae Lycosa sp., Pardosa sp. Gatton, Qld Current 
  Miturgidae Cheircanthium sp. Gatton, Qld Furlong et al. (2014) 
  Oxyopidae  Oxyopes sp. Gatton, Qld Furlong et al. (2014) 
  Salticidae unidentified species Gatton, Qld Current 
  Theridiidae  Archaearanea sp.,  
Steadtoda sp. 
Gatton, Qld 
Gatton, Qld 
Furlong et al. (2014) 
Furlong et al. (2014) 
 Coleoptera Coccinelidae Hippodamia variegate Gatton, Qld Furlong et al. (2014) 
 Dermaptera Labiduridae Labidura truncata Gatton, Qld Current 
 Hemiptera Miridae Deraeocoris signatus Gatton, Qld Current 
 Hymenoptera Formicidae Pheidole sp.,  
Formica sp. 
Lembang, WJ 
Gatton, Qld 
Current 
Current 
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2.2.1.2 DNA extraction and amplification 
Total DNA was extracted from individual arthropods using a CTAB protocol. Target 
predatory and herbivorous arthropods were individually placed in 1.5 ml microcentrifuge tubes and 
homogenized using a pestle in 600 µl of CTAB buffer and 10 µl proteinase K. The homogenate was 
then vortexed for a short time and incubated overnight at 55 °C. 300 ml of chloroform was added to 
the suspension and it was centrifuged at 13000 rpm for 5 minutes. The supernatant was transferred 
into a new labelled 1.5 ml microcentrifuge tube and 600 ml of iso-propenol added. DNA was then 
pelleted by centrifugation at 13000 rpm for 10 minutes. The supernatant was removed from the tube 
and the pellet cleaned by adding 300 ml of 80% ethanol and centrifuging at 13000 rpm for 1 
minute; this was conducted two times. The clean pellet was dried, resuspended in 50µl AE buffer 
(Qiagen, Germany) and kept at -20°C until the next step. The DNA fragments were amplified using 
the forward and reverse primers for the mtCO1 gene (Table 2.1); amplification conditions were as 
detailed in Table 2.3. The PCR products were separated on a 1.0% low melting point agarose gel 
using 130 volts for 40 minutes and then subjected to UV visualization. When the non-target 
arthropods were tested, one P. xylostella positive control, one P. xylostella-fed predator control and 
one no-DNA control were included in each single PCR reaction. In each multiplex PCR, one C. 
pavonana positive control, one P. rapae positive control, one C. pavonana-fed predator control, one 
P. rapae-fed predator control, and one negative control were also tested. If a negative result was 
returned in a test of a field collected predator then the presence of amplifiable DNA in the sample 
was tested for using universal primers (Furlong et al., 2014). 
 
2.2.2 Detectability half-life of prey DNA corresponding to P. xylostella and C. pavonana 
primer sequences within the gut-contents of predators 
The detectability half-life of the mtCO1 sequences of P. xylsotella and C. pavonana 
amplified by the specific primer sequences (Table 2.1) was tested in immature spiders from the 
following families: P. xylostella, mtCO1 DNA tested against Clubionidae, Lycosidae, Lyniphiidae, 
and Theridiidae; C. pavonana, mtCO1 DNA tested against Lycosidae and Theridiidae. In 
southeastern Queensland spiders dominate the predatory fauna in the Brassica agro-ecosystem 
(Furlong et al., 2004b, 2014). The selected spider families have been shown to contribute to P. 
xylostella and C. pavonana population suppression in this system (Furlong et al., 2014) and they 
have been identified a predators of target pests in the current study (Chapters 4 and 5).    
Predators were hand collected from the field as previously described and held in the 
laboratory for 7 days without access to food (section 2.2.1.1). They were then placed individually in 
a 30 ml plastic container, incubated at 25 ( 2) ºC under a 12:12 light: dark light regime and offered 
non-target prey items of Myzus persicae Sulzer (Hemiptera: Aphididae) or Helicoverpa armigera 
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Hübner (Lepidoptera: Noctuidae) from laboratory cultures, depending on availability. Following 
consumption of a non-target prey meal, predators were starved for a further 7 days to ensure that 
target prey that might have been consumed in the field prior to collection was removed from their 
systems. Predators were transferred to Petri dishes (5 cm diameter) and offered either a recently 
moulted single second instar C. pavonana larva (mean wet weight = 404 ( 12) mg; mean dry 
weight = 71 ( 2) mg) or a single second instar P. xylostella larva (mean wet weight= 387 ( 11) 
mg; mean dry weight = 72 ( 2) mg) of identical size. Predators were observed until they had 
completely eaten the prey item offered. Upon consumption of their prey meals, 10 predators from 
each spider family were immediately transferred to 96% ethanol in 1.5 ml micro-tubes and held at -
20 ºC prior to further processing. These individuals served as 0 h controls. Of the remaining 
predators, as soon as an individual had completely consumed its prey item, it was immediately 
transferred to a clean, labelled 30 ml container and transferred to the appropriate rearing 
temperature (Table 2.4). Predators typically consumed prey items within < 1 h of beginning to feed; 
predators that did not feed on prey within 1 h of its introduction were discarded. Fed predators were 
held at a given rearing temperature (Theridiidae tested at 20, 25 and 30 ºC; Clubionidae, 
Lyniphiidae and Lycosidae tested at 25ºC), with access to a water saturated dental wick but no 
further access to prey of any sort, for the designated post-feeding period (Table 2.4). Once the 
appropriate post-feeding interval had elapsed predators were transferred to 96% ethanol in 1.5 ml 
micro-tubes and held at -20 ºC prior to further processing to determine if prey remains could be 
detected in the gut as described previously (section 2.2.1.2) Depending on availability of predators, 
10-20 individuals were tested at each post-feeding interval for each prey type and at each holding 
temperature. 
 
2.2.3 Statistical analysis 
For each predator group, the proportion of tested animals that was positive for target pest 
DNA at each post-feeding interval and, where appropriate, each temperature was determined. The 
proportion positive was plotted against the post-feeding interval, exponential decay curves were 
fitted and detectability half-lives estimated using Graphpad Prism 6 (Graphpad Software, Inc. 
2013). Proportions were also logit-transformed and detectability half-lives estimated by logit-
regression analysis using Graphpad Prism 6 (Graphpad Software, Inc. 2013) following the methods 
described by Payton et al. (2003). Methods described by Payton et al. (2003) were also used to test 
half-lives from from appropriate predator prey associations for statistical differences. 
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Table 2.3 Amplification conditions for P. xylostella, C. pavonana and P. rapae mtCO1 DNA 
extracted from gut-contents of arthropod samples  
Conditions 
Single reaction of                           
P. xylostella 
amplification 
Single reaction of  C. 
pavonana 
amplification 
Multiplex reaction of               
C. pavonana and P. rapae 
amplification 
dd H2O 6 µL 6 µL 6 µL 
dNTPs 1 µL 1 µL 1 µL 
MgCl2 1.5 mM 0.75 µL 0.75 µL 0.75 µL 
Mango buffer 5x 2.5 µL 2.5 µL 2.5 µL 
DBMA1S 0.5 µL   
DBMA2A 0.5 µL   
CPAV1S-  0.5 µL 0.5 µL 
CPAV2A-  0.5 µL 0.25 µL 
PRAP1A   0.25 µL 
Mango taq 0.075 µL 0.075 µL 0.075 µL 
Annealing temperature 50°C 59°C 59°C 
Final elongation 72°C for 3 minutes 72°C for 3 minutes 72°C for 3 minutes 
 
 
Table 2.4 Temperature and post-feeding interval treatments used to determine the detectability half-
life of mtCO1 DNA from the different prey items in different predators.  
Spider family Prey tested 
Post-feeding 
incubation temperature Post-feeding interval (h) 
Theridiidae P. xylostella  20 0, 24, 48, 72, 96 
  25 0, 24, 48, 72, 96 
  30 0, 24, 48, 72, 96 
 C. pavonana 20 0, 24, 48, 72, 120 
  25 0, 24, 48, 72, 120 
  30 0, 24, 48, 72, 120 
Linyphiidae P. xylostella 25 0, 24, 48, 72, 96 
Clubionidae  P. xylostella 25 0, 6, 12, 24, 48, 72 
Lycosidae P. xylostella 25 0, 12, 24, 48, 72 
 C. pavonana  25 0, 24, 48, 72, 120 
 
 
2.3 Results 
2.3.1 Specificity of primers 
The P. xylostella primers amplified DNA of P. xylostella collected in southeastern 
Queensland, Australia and from P. xylostella collected in West Java, Indonesia. They did not 
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amplify the DNA of any of the other herbivores tested, nor did they amplify DNA of any of the 
predatory arthropods tested. Similarly, C. pavonana primers amplified DNA of C. pavonana 
collected in southeastern Queensland, Australia and from C. pavonana collected in West Java, 
Indonesia. They did not amplify the DNA of any of the other herbivores tested, nor did they amplify 
DNA of any of the predatory arthropods tested. The P. rapae primers amplified DNA of P. rapae 
collected in southeastern Queensland, Australia but they did not amplify the DNA of any of the 
other herbivores tested, nor did they amplify DNA of any of the predatory arthropods tested.  
 
2.3.2 Detectability half-life of prey DNA corresponding to P. xylostella and C. pavonana 
primer sequences within the gut-contents of predators 
The detectability of target DNA sequences in the guts of predators decayed exponentially 
(Figs 2.1 and 2.2 and Table 2.4). When an exponential decay model or a logit regression model was 
fitted to the data for the detectability of target P. xylostella mtCO1 DNA in the guts of predators 
incubated at 25ºC the predator families could be ranked Clubionidae  Linyphiidae = Lycosidae < 
Theridiidae based on estimated detectability half-life and associated 95% confidence intervals 
(Table 2.5). Similarly, when an exponential decay model or a logit regression model was fitted to 
the data for the detectability of target C. pavonana mtCO1 DNA in the guts of predators incubated 
at 25ºC both models estimated that the detectability half-life was significantly (> 2-fold) greater in 
Theridiidae than in Lycosidae (Table 2.5).  
Comparable assays for the detectability of P. xylostella and C. pavonana mtCO1 DNA 
were conducted in Lycosidae and Theridiidae at 25ºC. In Lycosidae, the estimated detectability 
half-life for P. xylostella mtCO1 DNA (57 (54-61) h) was significantly lower than the comparable 
estimate for C. pavonana mtCO1 DNA (105 (78-193) h) (Table 2.5). Although the estimated 
detectability half-life for P. xylostella mtCO1 DNA in Theridiidae (106 (111-163) h) was lower 
than the comparable estimate for C. pavonana mtCO1 DNA (240 (149-∞) h); overlapping 
confidence intervals prevent firm conclusions about the relative detectability half-lives of target P. 
xylostella mtCO1 DNA and C. pavonana mtCO1 DNA in this group of predators being drawn.  
When the effect of incubation temperature on the detectability of target P. xylostella or C. 
pavonana mtDNA in the guts of Theridiidae was investigated, the detectability half-life declined 
with increasing temperature for both targets (Table 2.5). However, due to the overlapping 
confidence intervals that surround the estimates, it cannot be concluded that the detectability half-
lives of the P. xylostella or C. pavonana mtCO1 DNA sequences are significantly affected by 
temperature (Table 2.5). 
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Fig. 2.1 Exponential decay of detectability of target P. xylostella mtCO1 DNA sequence in the guts 
of a) Clubionidae incubated at 25 C b) Linyphiidae incubated at 25 C c) Lycosidae incubated at 
25 C d) Theridiidae incubated at 20 C e) Theridiidae incubated at 25 C f) Theridiidae incubated 
at 30 C.  
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Fig. 2.2 Exponential decay of detectability of target C. pavonana mtCO1 DNA sequence in the guts 
of a) Lycosidae incubated at 25 C b) Theridiidae incubated at 20 C c) Theridiidae incubated at 25 
C d) Theridiidae incubated at 30 C. 
 
2.4 Discussion 
The primer sequences for mtCO1 DNA of P. xylostella, C. pavonana and P. rapae are 
highly specific and none amplified DNA from any of the non-target herbivorous or predatory 
arthropods tested. This is in agreement with previous work (Furlong et al., 2014), which 
demonstrated the specificity of the primer sequences, albeit against a narrower range of arthropods. 
As such, these primers provide a valuable resource for investigating the gut-contents of predators of 
lepidopteran pests of Brassica crops as they allow the remains of these different prey items in the 
guts of predators to be distinguished with confidence. 
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Table 2.5 Detectability half-life estimates (and associated 95% confidence intervals) for target P. xylostella and C. pavonana mtCO1 DNA sequences 
in the guts of different predators held at different constant temperatures. 
 
 
 
   Exponential decay model
1
 Logit regression model
2
 
Predator Prey T (ºC) DHL (95% CI) K (±SE) r
2
 df ratio DHL (95% CI)
3
 Slope (±SE) r
2
 P ratio 
Clubionidae P. xylostella 25 18 (12-32) 0.038 (±0.006) 0.945 5 1 18 (11-23)a -0.073 (±0.002) 0.999 0.015 1 
Linyphiidae P. xylostella 25 42 (26-125) 0.018 (±0.004) 0.841 4 2.3 54 (0-84)ab -0.039 (±0.013) 0.584 0.027 3 
Lycosidae P. xylostella 25 61 (38-157) 0.011 (±0.003) 0.850 4 3.4 57 (54-61)b -0.063 (±0.003) 0.989 <0.001 3.2 
             
Theridiidae P. xylostella 20 225 (160- 375) 0.003 (±0.001) 0.876 4 - 125 (116-135) -0.028 (±0.002) 0.987 <0.001  
Theridiidae P. xylostella 25 135 (90-270) 0.005 (±0.001) 0.681 4 7.5 160 (111-745)c -0.010 (±0.004) 0.405 0.026 8.9 
Theridiidae P. xylostella 30 61 (36-200) 0.011 (±0.003) 0.726 4 - 64 (11-163) -0.027 (±0.010) 0.532 0.039  
             
Lycosidae C. pavonana 25 93 (67-154) 0.008 (±0.001) 0.789 4 1 105 (78-193) -0.016 (±0.004) 0.641 0.005 1 
Theridiidae C. pavonana 20 414 (188-∞) 0.002 (±0.001) 0.523 4 - - - - - - 
Theridiidae C. pavonana 25 193 (132-361) 0.004 (±0.001) 0.823 4 2.1 240 (149-∞) -0.006 (±0.002) 0.571 0.082 2.3 
Theridiidae C. pavonana 30 214 (143-429) 0.003 (±0.001) 0.829 4 - 161 (110-∞) -0.016 (±0.007) 0.571 0.082 - 
1 
Data were fitted to the exponential decay model, y= yo* exp (=-K*x) where: yo= y when x= 0, this was set to 1; K= rate constant. In all cases the model 
was constrained so that y= 0 at infinite time.  
2 
Proportion data were logit transformed and a linear regression model fitted.  
3 
DHL estimates at 25C followed by a common letter are not significantly different based on overlapping confidence intervals 
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As investigations to detect target prey DNA in the gut-contents of arthropod predators only 
yield qualitative (binary) data (Greenstone et al., 2014), estimation of the detectability half-life of 
target prey DNA in the gut-contents of different members of the arthropod predator complex has 
been proposed as an important component of any analyses that attempt to rank putative predators of 
given prey in order of importance (Greenstone et al., 2010, 2014). In this study, laboratory assays 
showed that P. xylostella mtCO1 DNA was detectable for different periods of time in different 
spider families (Table 2.5). Studies that compare the detectability half-life for a given target DNA 
sequence in predator guts are rare (Greenstone et al., 2014) and no previous studies have compared 
the group of predators investigated in this study. Although studies have investigated the 
detectability half-life of target prey DNA in Lycosidae, Linyphiidae, and Theridiidae (see 
Greenstone et al., 2014), none have investigated the detectability half-life in Clubionidae, which in 
this study degraded target P. xylostella mtCO1 DNA most rapidly (Table 2.5). The study confirms 
previous work (Hosseini et al., 2008) that shows that different predator groups degrade prey DNA 
at different rates (Table 2.5). Based on detectability half-life estimates in this study, Clubionidae 
degraded target P. xylostella mtCO1 DNA more rapidly than Lycosidae and Theridiidae but at a 
similar rate to Linyphiidae (Table 2.5). A similar, pattern is shown by the shorter detectability half-
life estimate for C. pavonana mtCO1 DNA in Lycosidae compared with Theridiidae but due to the 
large confidence intervals of the estimates, there is no statistical support for this difference (Table 
2.5).  
In addition to the clear effect of predator identity on the detectability half-life estimate for 
a given DNA target, there is also evidence that different target prey DNA sequences can have 
different detectability half-life times in the same predator. For example, in studies conducted at 
25ºC, the detectability half-life for P. xylostella mtCO1 DNA in Lycosidae (57 (54-61) h) was 
significantly shorter than the detectability half-life for C. pavonana mtCO1 DNA in Lycosidae (105 
(78-193) h) (Table 2.5). This is interesting as it is generally considered that in a given predator, a 
longer DNA fragment, such as the target sequence for C. pavonana (275 base pairs; Table 2.1), will 
be degraded more quickly than a shorter target sequence, such as that for P. xylostella (165 base 
pairs, Table 2.1) (Agustí et al., 1999, Chen et al., 2000, Hoogendoorn & Heimpel, 2001). In this 
study care was taken to feed predators with standard sized meals and the quantities of P. xylostella 
and C. pavonana tissue consumed in the feeding studies conducted to estimate detectability half-
lives were the same in all cases (section 2.2.2). As such, it is not clear why the longer DNA 
fragments used to detect C. pavonana remains in the guts of predators were detectable for longer in 
Lycosidae than the shorter DNA fragments used to detect P. xylostella (Table 2.5). This result 
reinforces the necessity of conducting system specific feeding studies to calibrate field data, further 
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research is required to establish the DHL times of the different target prey items in the different 
predator groups with greater accuracy. 
Finally, the study investigated the effect of incubation temperature on the detectability 
half-lives of P. xylostella and mtCO1 DNA and C. pavonana mtCO1 DNA in Theridiidae (Table 
2.5). Despite a general decline in the detectability half-life estimate with increased temperature for 
both DNA targets (Table 2.5), no statistical support for decreased detectability half-life times was 
provided by the data due to the large confidence intervals around the estimates. The result is 
probably due to the fact that Theridiidae took far longer to degrade target DNA of both target 
species than expected; even 120 h after feeding C. pavonana mtCO1 DNA could be detected in at 
least 75% of Theridiidae at all temperatures (Fig. 2.2) and similar rates of intact prey DNA retention 
were recorded for Theridiidae fed P. xylostella mtCO1 DNA at 25ºC (Fig. 2.1).  Better estimates of 
the detectability half-lives of the target DNA for both prey species in Theridiidae would help 
interpretation of field data.  
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Chapter 3:  Pitfall trapping of epigeal arthropods: utility of different collection media for 
sampling and collection of predators for gut-contents analysis 
 
3.1 Introduction 
It has been argued that generalist predators are ineffective natural enemies due to their 
inability to consume significant numbers of target pests once satiated, their inability to increase 
their populations at the same rate as their prey, their ability to consume alternative prey in 
preference to target pest prey (Sabelis, 1992), their preference for higher quality of prey items 
(Bilde & Toft, 2001) and their cannibalistic and competitive behavior (Hoogendoorn & Heimpel, 
2001). However, some studies show the capacity of generalist predator assemblages to suppress 
pest populations (Symondson et al., 2002), especially early in the cropping season. Murdoch et al. 
(1985) suggested that, except in cases where a pest population increases exponentially, generalist 
predators can control pest populations more effectively than specialist predators.  
There have been far fewer studies on the impact of predation on Brassica pests than on the 
impact of parasitoids on these organisms (Furlong et al., 2013). Recent research on the natural 
enemies of Brassica pests in Queensland, Australia shows that Plutella xylostella L. (Lepidoptera: 
Plutellidae) populations can be suppressed by the combined actions of the endemic parasitoid and 
predator complexes (Furlong et al., 2004a, b; Furlong et al., 2014). In this agro-ecosystem, foliar-
dwelling predators, especially spiders from the families Theridiidae, Salticidae, and Clubionidae, 
are important predators of P. xylostella, while Lycosidae are important predators of another major 
pest, Crocidolomia pavonana F. (Lepidoptera: Crambidae) (Furlong et al., 2014). Similarly, in 
West Java, Indonesia the combined actions of D. semiclausum and predatory arthropods can cause 
significant pest mortality and a generational decrease in the P. xylostella population (Murtiningsih 
et al., 2011); however, the identity of the ecologically important arthropod predators in this system 
has not been investigated (Murtiningsih et al., 2011).   
Pitfall trapping, a method in which containers are buried at the level of the soil surface and 
then partially filled with an appropriate collecting liquid or preservative, is a useful method for 
sampling ground-dwelling arthropods that randomly encounter traps (Harwood, 2008). The 
technique can be used to investigate the composition of ground-dwelling arthropod fauna 
(Greenslade, 1964), but it cannot be used to estimate the absolute population of those arthropods 
(Morris, 1960) and trap catches do not necessarily represent the population size of captured 
arthropods in the area sampled (Briggs, 1961). Further, pitfall trap collections cannot be used to 
determine the relative proportion or densities of different ground-dwelling predators in the habitat 
due to differences in behaviour of different groups of predators (Greenslade, 1964; Lundgren et al., 
2006; Suenaga & Hamamura, 2001) and hence differences in the probability that they will be 
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caught in the traps. The number and composition of catches is also influenced by ambient 
temperature, the impact that surrounding vegetation might have on predator movement, predator 
behaviour, the type of arthropods present and trap design itself (Greenslade, 1964; Topping & 
Sunderland, 1992). Despite these disadvantages, pitfall trapping has been used to sample epigeal 
predatory arthropods and to provide a source of predators which are suitable for molecular based 
analysis by preserving the catches in an appropriate collecting liquid in the trap (Weber & 
Lundgren, 2009b).  
Arthropods collected in pitfall traps can be further analyzed using molecular methods to 
determine if the organisms captured have consumed target prey (Chapter 2). Incorporation of a 
preservative liquid can obviate the possibility of secondary predation in dry pitfall traps but 
selection of an appropriate liquid is not straightforward as different killing media can influence 
catches (Greenslade & Greenslade, 1971) and the liquid must be able to preserve DNA during the 
sample interval, before captured predators van be recovered and suitably stored for later analysis. 
Phosphate-buffered saline (PBS), pH 7.4, was reported to preserve DNA of arthropods trapped in 
pitfall traps for 24 hours prior to ELISA assays (Harwood, 2008). Preservation of specimens in 95% 
ethanol at low temperatures (-20 
o
C or -80 
o
C) prior to DNA extraction is considered as the best 
storage method if specimens cannot be analysed immediately (Vink et al., 2005). However, in cases 
where ethanol is unavailable an alternative medium, for instance propylene glycol, can be used to 
preserve DNA (Moreau et al., 2013); transferring specimens from propylene glycol to ethanol 
following collection of arthropods from traps will prolong the storage period (Rubink et al., 2003). 
Propylene glycol was also successfully used to preserve honey bee (Apis mellifera) DNA prior to 
genetic analysis and the use of propylene glycol, which is not toxic and fragrance free, as a long-
term capture and preservative medium for trapping arthropods in pitfall traps has its advantages 
(Rubink et al., 2003; Bowen et al., 2004; Aristophanous 2010). Although ethylene glycol can also 
be used to preserve arthropod specimens (Muckenfuss & Shepard, 1994; Weeks & McIntyre, 1997) 
prior to DNA analysis (Lundgren et al., 2009) it is toxic to vertebrates and its use is not 
recommended, despite its preservative properties (Hall, 1991).  
Invertebrate DNA contamination can occur when predators are caught in pitfall traps 
containing alcohol or diluted detergent solution and they imbibe contaminated liquid before death 
(Crook & Sunderland, 1984). Harwood & Obrycki (2005) suggest that surface contamination is 
limited in pitfall trap sampling, but the likelihood of surface contamination of predators collected in 
propylene glycol and ethylene glycol remains unclear. 
This study examined the identity of ground-dwelling predatory arthropods caught in pitfall 
traps at different times of the diurnal cycle, the relative probability of catching the different 
arthropods in different trapping media and the suitability of different media for subsequent 
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molecular analysis, based on the likelihood of cross contamination of arthropods when they 
encounter prey captured in the same trap. The study was conducted in two distinct cabbage fields, 
one in southeastern Queensland, Australia and the other in West Java, Indonesia.  
 
3.2 Materials and methods 
3.2.1 Pitfall trapping: effect of collection medium   
Two series of pitfall trap sampling exercises were undertaken in unsprayed cabbage crops 
at the Gatton Research Facility (GRF), (27
o
 33' S, 152
o
 18' E), 90 km west of Brisbane, Queensland. 
The first study was undertaken from October to December 2011 (late cabbage season) and the 
second from March to May 2012 (early cabbage season). The experimental plot was surrounded by 
bare cultivated soil to the east and west, and by a field road to the north and south.  Brassica 
oleracea var. capitata cv. Warrior, the most commonly grown cultivar in the Gatton district, was 
planted in the experimental plot (7 raised beds, each 50 m long, 0.15 m high, 1 m wide and 
separated by 0.5 m). Typical farmer agronomic practices in the region were applied, but no 
insecticides were used. Two rows of cabbage seedlings, spaced 0.5 m apart within rows and 0.7 m 
between the rows, were grown in each bed.  
In 2011, pitfall traps were set up on October 10 and emptied every 4-7 days thereafter for a 
period of 5-6 weeks (traps were emptied on 14 October, 19 October, 24 October, 1 November, 9 
November and 16 November 2011). In 2012, pitfall traps were set up in the field on 10 April and 
emptied every 4-7 days thereafter for days for a period of 5-6 weeks (traps were emptied on 16 
April, 23 April, 27 April, 1 May, 8 May, 15 May, 22 May and 28 May 2012). Pitfall trapping was 
performed in 25 days during the 2011 experiment and 48 days during the 2012 experiment. Thirty-
six pitfall traps were set out in the experimental plot, with 9 traps positioned in the second, third, 
fifth and sixth beds (see Appendix 1 for the layout).  Each pitfall trap consisted of 2 plastic cups (8 
cm diameter and 11 cm high, made from polypropylene), one 15 cm diameter plastic plate, and 3 
bamboo satay sticks (15 cm long). The first cup was placed in the ground and the second cup, 
containing preservative solution, was placed inside the first cup, so that the rim of the inner cup was 
level with the soil surface. The plastic plate was held 5 cm above the ground using the bamboo 
satay sticks in order to provide protection from sun and rain for the trap, as well as dissuading small 
vertebrates from entering the trap. Within a bed, the first trap was placed between the two rows of 
seedlings, 2.5 m from the edge of bed and the remaining eight traps were placed every 2.5 m along 
the bed. The first cup was filled with 100 ml 1% aqueous detergent (Surf, Unilever Australasia) 
solution, while the second, third, and fourth cups were filled with 100 ml of 96% ethanol (Ethanol 
Absolute AR), 100 ml of ethylene glycol (Ethanediol LR) and 100 ml propylene glycol (1, 2,-
propanediol) respectively. The remaining traps were filled with the trap solution in the same pattern 
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as in the first four traps (see Appendix 1 for the field layout). The arthropods captured in each trap 
were transferred to 25 ml labeled vials containing 10 ml 70% ethanol and transported to laboratory 
for further analysis and identification; traps and collection media were changed frequently (after 
every 1-3 collections).  
A pitfall trap sampling study was also conducted at IVEGRI Research Station, West Java, 
Indonesia from June to August 2012 (dry season). The experimental plot (1000 m
2
) was located in 
the Margahayu Research Station (6°47'S, 107°42'E; 1400 m a.s.l), 10 km north of Bandung, West 
Java. The plot was surrounded by 10 m of bare cultivated soil to the south, by a mixed crop of 
cauliflower and tomato to the east and west and by a cabbage crop to the north. Typical local 
farming practices were adopted, except that no pesticides were applied. Cabbage seedlings, 
Brassica oleracea var. capitata cv. Green Coronet, were grown on 43 x 14 m long raised beds (0.25 
m). Each bed was 1.0 m wide and consisted two rows of cabbage seedlings; plants were spaced 0.3 
m apart within a row and rows were separated by 0.7 m within a bed. Adjacent beds were 0.5 m 
apart and ran north to south.  
Pitfall traps, similar to those used in the southeastern Queensland experiment, were used in 
the study, but only ethylene glycol and propylene glycol were tested as collection media. Pitfall 
traps were set up on June 10 2012 and emptied every 4-7 days thereafter for a period of 8 weeks 
(traps were emptied on 16 June, 10 July, 19 July, 27 July and 10 August 2012). Pitfall traps were 
placed in every second bed, starting from the fifth bed from the western edge of the site. Within a 
bed, the first trap was placed in between two rows, 2.5 m from the edge of bed and the following 
cups were placed every 4 m along the bed; traps containing 100 ml of ethylene glycol or 100 ml of 
propylene glycol were placed alternately in the selected bed (see Appendix 2 for the field layout). 
The arthropods captured in each trap were transferred to 25 ml labeled vials containing 10 ml 70% 
ethanol and transported to laboratory for further analysis and identification; traps and collection 
medium were changed frequently (after every 2-3 collections).  
 
3.2.2 Diurnal patterns of epigeal predators  
In southeastern Queensland, the diurnal activity pattern of epigeal arthropods in the 
cabbage crops was studied twice  (first study: 2-3 November 2011, second study in 16-19 April 
2012) by sampling intensively over a 48-72 hr period using the same range of preservatives, pitfall 
trap arrangements and experimental plots as previously described. Similarly, a study to determine 
the diurnal activity patterns of epigeal predators was conducted twice (first study: 2-5 June 2012, 
second study: 30 July-2 August 2012) at IVEGRI Research Station, West Java using the same 
pitfall traps, collection media, pitfall trap arrangements and experimental plots as previously 
described. In both Queensland and West Java, the studies were conducted over three consecutive 
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days. Traps were emptied every 12 hours at 6 pm and 6 am. Arthropods collected were placed 
individually within labeled 1.5 ml micro tubes containing 0.5-1 ml 96% ethanol and stored in a 
freezer (-20
o
C) prior to arthropod identification.  
 
3.2.3 Cross-contamination test of pitfall trap samples: implications for gut-contents analysis 
A cross-contamination test was performed in the laboratory to determine the possibility of 
target prey DNA contaminating predators for subsequent gut-contents analysis. Cups identical to 
those from which pitfall traps were constructed were filled with 100 ml of aqueous detergent (1%), 
ethanol, ethylene glycol or propylene glycol; five cups were prepared for each collection medium. 
Three starved Lycosidae (body length range: 0.5-1.5 cm) and a single fourth instar C. pavonana 
larva were then introduced simultaneously into five cups that contained each collection medium. A 
further three starved Lycosidae of the same size, but no C. pavonana larvae, were then introduced 
into the remaining five cups containing the different collection media. The Lycosidae and the C. 
pavonana larvae were left in the cups at ambient temperatures in the laboratory for 12 h, then the 
Lycosidae were carefully collected from each cup using a clean forceps and introduced individually 
into a labeled 1.5 ml micro centrifuge tube containing 0.5 ml 96% ethanol. Tubes were stored in a 
freezer (-20ºC) prior to gut-contents analysis following the methods previously described (Chapter 
2). 
 
3.2.4 Statistical Analysis 
Numbers of arthropods collected in the different collection media in pitfall traps in the 
field experiments were transformed log(x+1) to normalize the data. Data from studies in 
southeastern Queensland (four treatments tested) were analysed separately by year. Data from the 
Queensland and West Java experiments were subject to ANOVA (SAS Institute, 1999).  
 
3.3 Results 
3.3.1 Pitfall trapping: effect of collection medium   
The studies investigating the effect of collection medium on epigeal predator catches 
produced variable results (Table 3.1). In 2011, the collection medium significantly affected pitfall 
trap catches of Linyphiidae, Lycosidae, Gnaphosidae, Nitidulidae, and Labiduridae (Labidura 
truncata and Nala lividipes) in the study at Gatton. In 2012, the study at Gatton showed that the 
collection medium significantly affected pitfall trap catches of Lycosidae, Nitidulidae and 
Staphylinidae.  Across years there was no clear pattern of increased or decreased catch for any taxa 
in any particular collection medium (Table 3.1). In 2011, Nitidulidae were only caught in traps 
containing absolute ethanol or ethylene glycol, but there was no significant difference between the 
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catches in these media (P>0.05; Table 3.1). In 2012, Nitidulidae were caught in traps containing 
absolute ethanol, ethylene glycol and proplyne glycol, but significantly more individuals were 
caught in traps containing ethanol than in any other medium (P<0.001) (Table 3.1). 
In the study in West Java in 2012, more Nitidulidae were captured in the propylene glycol 
pitfall traps than in the ethylene glycol traps, but all other epigeal arthropods were caught in equal 
numbers in the different collecting media (Table 3.2).  
 
3.3.2 Diurnal patterns of epigeal predators  
In the diurnal pattern study at Gatton in 2011, there was no significant difference between 
night and day catches of any arthropods apart from the Lycosiade, significantly more of which were 
captured during the night than during the day (Table 3.3). This pattern was similar in 2012, when 
day and night catches for all arthropods were the same apart from the Nitidulidae, which were 
caught in greater numbers in the day than at night (Table 3.3).  
Similar catch patterns were recorded in West Java in the 2012 study (Table 3.4). While 
most of the epigeal arthropods caught in pitfall traps were caught in roughly equal numbers during 
the day and night (Table 3.4), more Lycosidae and Formicidae were caught during the day than 
during the night (Table 3.4) but more Tenebrionidae and Labiduridae were caught during the night 
than during the day (Table 3.4). 
 
3.3.3 Cross-contamination test of pitfall trap samples: implications for gut-contents analysis 
No C. pavonana mtCO1 DNA was detected in any of the control Lycosidae (Table 3.5). 
Similarly none of the Lycosidae introduced into the aqueous detergent, propylene glycol or ethylene 
glycol at the same time as a fourth instar C. pavonana larva were contaminated with C. pavonana 
mtCO1 DNA (Table 3.5). However, one Lycosidae from a simulated pitfall trap containing ethanol 
was contaminated with C. pavonana mtCO1 DNA (Table 3.5).  
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Table 3.1 Mean number (±SE) of different epigeal arthropods caught per day in pitfall traps with different collection media in southeastern 
Queensland, Australia in 2011 (October-December) and 2012 (March-May) 
Arthropods 
2011 (25 trapping days) 
Medium 
effect 2012 (48 trapping days) 
Medium 
effect 
Detergent Ethanol 
Ethylene 
glycol 
Propylene 
Glycol F3,144 P Detergent Ethanol 
Ethylene 
glycol 
Propylene 
Glycol 
 
F3,144 
 
P 
Araneae             
Linyphiidae 0.07±0.04a 0.32±0.09b 0.26±0.09ab 0.41±0.1b 3.23 0.02 0.1±0.04 0.17±0.05 0.19±0.13 0.1±0.04 0.42 0.74 
Lycosidae 0.54±0.14a 0.7±0.12ab 0.54±0.13a 1.09±0.19b 4.18 0.007 0.27±0.06ab 0.15±0.05a 0.42±0.07b 0.49±0.23b 2.99 0.03 
Salticidae 0.02±0.02 0.15±0.05 0.13±0.05 0.06±0.03 2.44 0.07 0.01±0.01 0 0.03±0.02 0.01±0.01 0.66 0.57 
Gnaphosidae 0a 0.09±0.04b 0.02±0.02a 0.06±0.03ab 2.81 0.04 0.01±0.01 0.06±0.03 0 0.06±0.04 1.48 0.22 
Coleoptera             
Coccinellidae 0.15±0.07 0.09±0.04 0.15±0.05 0.15±0.05 0.31 0.82 0 0 0 0   
Nitidulidae 0a 0.07±0.04b 0.04±0.03ab 0a 2.93 0.04 0a 2.08±0.7b 0.01±0.01a 0.01±0.01a 36.2 0.001 
Staphylinidae 0.22±0.06 0.59±0.16 0.68±0.17 0.39±0.09 2.22 0.09 0.01±0.01a 0.32±0.08b 0.15±0.06a 0.1±0.04a 6.33 0.001 
Dermaptera             
Labidura truncata 0.28±0.1a 0.2±0.05a 0.91±0.24b 0.15±0.05a 8.71 0.001 0.42±0.08 0.6±0.16 0.42±0.1a 0.39±0.1 0.39 0.76 
Nala lividipes 0a 0a 0.57±0.19b 0.07±0.04a 12.6 0.001 0 0.12±0.06 0.08±0.05 0.01±0.01 2.58 0.06 
Hymenoptera             
Formicidae 0.02±0.02 0.06±0.03 0.02±0.02 0.07±0.04 1.13 0.34 0.46±0.34 0.07±0.04 0.13±0.04a 0.08±0.04 0.94 0.42 
Within a year, when medium effect is significant, means within a row marked with a different letter are significantly different (LSD, P < 0.05); all other means not 
significantly different when subject to ANOVA 
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Table 3.2 Mean number (± SE) of epigeal arthropods caught per day in pitfall traps containing 
ethylene glycol or propylene glycol at Lembang, West Java in 2012 (June-August) 
Family of arthropods 
Mean number (± SE) per trap  
(29 trapping days) 
Medium effect 
Ethylene Glycol Propylene Glycol F1,150 P 
Araneae 
  
  
Gnapsophidae 0.14±0.04 0.19±0.06 0.24 0.62 
Lycosidae  1.21±0.18 1.32±0.30 0.13 0.72 
Coleoptera 
  
  
Gonocephalum sp. 0.8±0.18 0.79±0.14 0.18 0.66 
Coccinellidae
1
 0.47±0.09 0.68±0.11 2.62 0.11 
Nitidulidae 0.02±0.01a 0.4±0.09b 20.23 <0.001 
Staphylinidae  0.01±0.01 0.07±0.03 2.95 0.08 
Dermaptera 
  
  
Labiduridae 0.57±0.14 0.24±0.05 4.03 0.05 
Hemiptera 
  
  
Lygaeidae 0.1±0.04 0.2±0.06 1.78 0.18 
Hymenoptera     
Formicidae 5.56±1.14 3.54±0.5 0.98 0.37 
Means within a row marked with a different letter are significantly different (LSD, P < 
0.05); all other means not significantly different when subject to ANOVA 
1
Menochilus sp. 
 
 
Table 3.3 Mean number (± SE) of epigeal arthropods caught per trap in pitfall traps during the day 
and night at Gatton, Queensland in 2011 (2-3 November 2011) and 2012 (16-19 April 2012) 
Family of 
arthropods 
2011 
Time 
effect 2012 
Time  
effect 
Day Night F1,138 P Day Night F1,210 P 
Araneae         
Linyphiidae 0.03±0.02 0.1±0.04 3.83 0.05 0.02±0.01 0.07±0.03 1 0.32 
Lycosidae 0.01±0.01a 0.1±0.04b 4.98 0.03 0.06±0.02 0.05±0.02 1 0.32 
Salticidae 0.03±0.02 0.01±0.01 0.33 0.56 0.03±0.02 0 3.06 0.08 
Gnasophiidae     0.01±0.01 0.02±0.01 0.34 0.56 
Unknown Araneae 0.01±0.01 0 1 0.32 0 0   
Coleoptera         
Carabidae  0 0   0 0.01±0.01 1 0.32 
Anthicidae 0 0   0 0.01±0.01 1 0.32 
Coccinellidae 0 0.01±0.01 1 0.32 0.01±0.01 0 1 0.32 
Nitidulidae 0 0   0.73±0.19a 0.01±0.01b 19.5 <0.001 
Staphylinidae 0.04±0.03 0.08±0.03 1.31 0.25 0.01±0.01 0.04±0.02 1.82 0.18 
Dermaptera         
L. truncata 0.03±0.02 0.11±0.04 3.12 0.08 0.01±0.01b 0.22±0.05a 19.8 <0.001 
Hemiptera         
Miridae 0 0.03±0.02 2 0.15 0 0.01±0.01 1 0.32 
Hymenoptera         
Formicidae 0.01±0.01 0 1 0.32 0.04±0.02 0.02±0.01 0.68 0.41 
Within a year, means (± SE) within a row marked with a different letter are significantly different 
LSD, P < 0.05); all other means not significantly different when subject to ANOVA 
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Table 3.4 Mean number (± SE) of epigeal arthropods caught per trap in pitfall traps during day and 
night pitfall trapping during the ecological study in West Java in 2012 (2-5 June 2012 and 30 July-2 
August 2012) 
Family of arthropods Day Night 
Time effect 
F1,426 P 
Araneae 
  
  
Gnapsophidae 0.02±0.01 0.005±0.005 1.22 0.28 
Lycosidae  0.11±0.02a 0.04±0.01b 7.84 0.005 
Linyphiidae 0 0.005±0.005 1 0.32 
Coleoptera 
  
  
Carabidae  0.005±0.005 0.01±0.01 1 0.32 
Gonocephalum sp.  0a 0.17±0.03b 32.52 < 0.001 
Tenebrionidae 1 0 0.01±0.01 3.03 0.08 
Coccinellidae
1
 0.02±0.01 0.005±0.005 2.74 0.09 
Staphylinidae  0.005±0.005 0 1 0.32 
Dermaptera 
  
  
Labiduridae 0.005±0.005a 0.07±0.02b 9.43 0.0002 
Hemiptera 
  
  
Miridae 0.009±0.007 0 2.03 0.15 
Hymenoptera     
Formicidae 0.39±0.15a 0.08±0.02b 5.39 0.02 
Means (± SE) within a row marked with a different letter are significantly different 
(LSD, P < 0.05); all other means not significantly different when subject to ANOVA 
1
Menochilus sp.   
 
Table 3.5 Numbers of positive detections of C. pavonana DNA in Lycosa sp. when both C. 
pavonana and Lycosa sp. were placed simultaneously in the different preservative solutions used in 
pitfall trapping studies in Queensland 
Collection Medium Number of samples Positive detections 
Aqueous detergent (1%) 15 0 
Ethanol 15 1 
Ethylene Glycol 15 0 
Propylene Glycol 15 0 
Water (Control) 12 0 
 
3.4 Discussion 
 When studying predation using molecular methods, selecting the most appropriate method 
to collect putative predators for subsequent analysis is important. The method chosen should be 
practical but capable of collecting adequate numbers of different predators that reflect their relative 
densities in the study system. Collection of epigeal predators is particularly challenging as many are 
mainly found living under debris and have nocturnal habits; hand collection of such arthropods is 
both difficult and laborious (Gurdebeke & Maelfait, 2002). Despite the well-documented limitations 
of pitfall trapping (Greenslade, 1973; Topping & Sutherland, 1992), this passive method is 
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considered useful for the study of epigeal predators and as a method to collect them for molecular 
gut-contents analysis. 
The catches in the pitfall traps in these studies were generally low and variable and it is not 
possible to make general conclusions about the relative effectiveness of the different media tested 
overall. However, ethanol did have significantly higher numbers of Nitidulidae than the other media 
tested in the 2012 study in southeastern Queensland (Table 3.1) Nitidulidae are primarily detrivores 
(Skalbeck, 1976 cited in Blackmer, 1991), for example: driedfruit beetle Carpophilus hemipterus L. 
(Nitidulidae: Coleoptera) (Wicklow et al., 1988) and some Carpophilus spp. are attracted to 
fermentation products including ethanol (James et al., 1993; Bartelt & Hossain, 2006; Nout & 
Bartelt, 1998). Greenslade & Greenslade (1971) also noted that Nitidulidae were among other 
groups of Coleoptera attracted to methylated spirit in pitfall traps in the Solomon Islands. This 
potential bias coupled with the high rates if ethanol evaporation noted in this and other studies 
(Gurdebeke & Maelfait, 2002; Harwood, 2008) indicate that this medium is less than optimal for 
use in trapping studies.  
In the West Java study (Table 3.2) high numbers of Formicidae were trapped in both 
ethylene glycol and propylene glycol. These arthropods appear to be important predators of P. 
xylostella and C. pavonana in this system (Chapter 6); however, due to the typical behavior of ants 
following marked trails, pitfall traps typically oversample (if a trap is placed on a trail) or under 
sample (if traps happen not to be placed on trails) these important predators (Greenslade, 1973). 
Thus, pitfall trap sampling does not appear to be a good method for quantifying the contribution of 
Formicidae to pest predation and other methods, such as hand collection, should be explored. 
The diurnal activity studies showed that the activity of epigeal arthropods varied with 
species. Dermaptera were mostly active during the night at both study sites (Tables 3.3 and 3.4); 
while Formicidae were active both during the night and day, but their activity was greater at night in 
West Java (Table 3.4). Similarly, Lycosidae were most active during the day in West Java but 
during both the night and day in southeastern Queensland (Table 3.3); however as Lycosidae were 
not identified to species in these studies, it is possible that different members of the Lycosidae 
complex exhibit different diurnal activity patterns. Typically, Lycosiade are considered to be 
primarily active at night, but Bayram (1995) notes that although adult Lycosidae are nocturnal, 
immature stages are more active during the day. Although times when predators are actively 
moving do not necessarily coincide with times when they are feeding, the clear diurnal patterns 
exhibited by some predators are important and sampling for predators should be designed so that 
night active organisms are effectively sampled if they are considered important in the predator 
complex of a study system. Further, different predators might exhibit different seasonal populations. 
In the study in southeastern Queensland, the numbers of Lycosidae trapped during late summer to 
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autumn was relatively low compared to the numbers trapped in spring summer season (100 
individuals were trapped during 48 days sampling in the autumn season 2012 while 181 Lycosidae 
were trapped during 25 days sampling in spring season 2011; Table 3.1). Similar fluctuations in 
Lycosidae populations have been observed in New Zealand, where the greatest numbers of adult 
Lycosidae usually occurred in late spring to late summer (Vink, 1996).  
Dermaptera are commonly active during the night and quiescent during day time (Tyron, 
1986; Shepard et al., 1973) and some species have been reported preying on lepidopteran species 
including Pseudoplusia includens (Walker) larvae (Price & Shepard, 1977), Spodoptera littoralis 
eggs (Ammar & Farrag, 1974), Anticarsia gemmatalis Hübner (Buschman et al., 1978), and larvae 
and pupae of Trichoplusia ni Hübner (Strandberg, 1981a, b). However, their role in the predation of 
Lepidopteran pests in the study systems in southeastern Queensland and West Java remains to be 
proven. 
This study provides some, but limited, information on the activity patterns of some 
arthropods in the two study systems. However, it provides no information about when predators 
feed on prey. A positive finding was that when live predators and their potential prey items were 
introduced simultaneously into simulated pitfall traps containing different collection media in the 
laboratory there was only one instance where a predator became contaminated with prey DNA and 
was subsequently identified as positive for that prey item in the molecular assay (Table 3.5). This 
suggests that the tested media are suitable for catching predators in pitfall traps for subsequent 
molecular gut-contents analysis. However, as samples rapidly degrade in aqueous detergent 
solutions and there is a very high evaporation rate of ethanol from pitfall traps, ethylene glycol and 
propylene glycol are most likely to be the most effective as collection media for epigeal predator for 
gut-content analysis. Since ethylene glycol is toxic to mammal, propylene glycol should be used 
when available.  
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Chapter 4: Combining ecological and DNA-based molecular methods to investigate predation 
of Plutella xylostella in southeastern Queensland, Australia 
 
4.1 Introduction 
Following the intensive application of broad-spectrum synthetic insecticides, the status of 
Plutella xylostella L. (Lepidoptera: Plutellidae) has been raised from a secondary pest to the most 
destructive pest of Brassica vegetables crops in the world (Furlong et al., 2013). Six international 
workshops on the management of diamondback moth and other crucifer pests have been dedicated 
to improving the understanding of the fundamental aspects of the biology and ecology of Brassica 
pests; these workshops have focused mainly on P. xylostella (Endersby & Ridland, 2004; Shelton et 
al., 2008; Sivapragasam et al., 1997; Srinivasan et al., 2011; Talekar, 1992; Talekar & Griggs, 
1986). Developing pest management programs for P. xylostella that are based on the utilization of 
endemic natural enemies is essential due to the rapid development of resistance against insecticides 
that has occurred in P. xylostella and the destructive effect that broad-spectrum insecticides can 
have on natural enemies. However, despite advances in the understanding of the basic ecology of P. 
xylostella, the focus of P. xylostella biological control studies has been mostly on Diadegma 
semiclausum (Hymenoptera: Ichneumonidae) and a few other species of hymenopteran parasitoids, 
especially Cotesia vestalis Halliday (Hymenoptera: Braconidae) and Oomyzus sokolowskii 
Kurdjumov (Hymenoptera: Eulophidae), while other biological control agents, especially arthropod 
predators, remain underexploited (Furlong et al., 2013). While the predatory arthropod fauna is an 
important component of biological control in Brassica agro-ecosystems (Furlong et al., 2004a, b, 
2008b), understanding of the ecology of predation and its impact on pest populationsis incomplete 
and needs to be improved. However, such studies are challenging, due to the difficulties 
encountered when attempting to appropriately evaluate the ecological importance of predators 
(Furlong & Zalucki, 2010). 
In the study of predation, quantifying the impact of natural enemies on target pest 
populations is essential if these ecosystem services are to be exploited for pest management 
decision-making (Furlong & Zalucki, 2010). Once the impact of natural enemies on a pest 
population has been demonstrated, the next step is to conduct an analysis of processes to determine 
the key mortality factors. This can be done through life table construction, which also provides vital 
information on species interactions and the different ecological roles of different natural enemies 
(Bellows et al., 1992; Bellows & van Driesche, 1999). Predation studies on P. xylostella conducted 
in the laboratory, and many of the studies that have been conducted in the field, do not provide the 
required evidence of the efficiency of different predatory species against this pest (Furlong & 
Zalucki, 2010). In comprehensive life table studies, however, predators have been shown to have 
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significant impact on P. xylostella populations in Brassica agro-ecosystems, especially against early 
instar larvae (Furlong et al., 2004a, b). Life table studies on P. xylostella populations in Canada did 
not identify predation as a significant mortality factor, rather the major mortality factors were 
rainfall, Diadegma insulare (Cresson) parasitism and seasonally reduced female fecundity 
(Harcourt, 1986). 
Worldwide, natural enemies (parasitoids, predators, and entomopathogens) are considered 
as important mortality factors of Brassica pests. Despite the relatively small number of studies on 
predators compared to those on parasitoids, it has been shown that predation of P. xylostella can 
play a significant role in effective and sustainable pest management programs (Furlong et al., 
2004a, b, 2008b). The impact of predators on pest populations is difficult to demonstrate and 
requires experimental manipulation of both pest and natural enemy populations in the field (Furlong 
& Zalucki, 2010). Predators often leave no remains of their prey and attributing mortality to a given 
group of predators is difficult without the means to detect evidence of specific predation events. 
Furlong et al. (2014) used DNA-based gut-contents analysis to identify foliar and epigeal predators 
containing P. xylostella DNA in field studies Queensland, Australia. However, the relative 
importance of the different predator groups that feed on P. xylostella in the agro-ecosystem remains 
unclear as the study did not determine the half-life detectability of the target DNA sequence used to 
identify the presence of P. xylostella DNA in the guts of different predators. Consequently, 
although the predators in the larger predator complex that fed on P. xylostella could be identified, 
they could not be ranked in importance based on their relative abundance, the proportion that tested 
positive for P. xylostella DNA and the period after feeding for which P. xylostella DNA could be 
detected. The aim of this study is to determine the impact of predation on P. xylostella in Brassica 
crops in southeastern Queensland and identify the ecologically important predators by combining 
ecological approaches with molecular techniques that have been calibrated to determine the relative 
detectability time of prey DNA in the different major predator groups. 
 
4.2 Material and methods 
4.2.1 Field site and experimental plants 
Studies were conducted at the Gatton Research Facility (GRF) (27
o
 33' S, 152
o
 18' E), 
Gatton, Queensland, Australia between September and December 2011 and during November and 
early December 2012. Experimental tomato, cabbage and sorghum crops are commonly grown at 
GRF, which is situated amongst commercial farms that also grow these crops. Brassica oleracea 
var. capitata cv. Warrior was chosen as the study crop as this cultivar is commonly grown between 
May and November in the region. Two experimental plots, each 500 m
2
, were prepared according to 
typical farmer practice (Furlong et al., 2004a). Cabbage seedlings were planted into 7 x 50 m raised 
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(0.15 m) beds. Each bed was 1 m wide and contained two rows of cabbage seedlings; plants within 
a row were spaced 0.5 m apart and rows within a bed were separated by 0.7 m, adjacent beds were 
separated by 0.5m and ran north-south. Seedlings were planted on 30 August 2011 and on 17 
September in 2012. No insecticide was applied to the crops during the experiments; temperature 
and rainfall data were collected daily at the GRF meteorological station. The experimental plots 
were surrounded by bare cultivated soil to the east and west and by gravel roadsto the north and 
south. 
For natural enemy exclusion experiments, sentinel plants were produced by transplanting 
30 B. oleracea var. capitata cv. Warrior seedlings into 20 cm diameter pots containing organic 
potting mix supplemented by slow-release fertilizer (Osmocote, NPK ratio 16: 3.5: 10; Scotts, 
Marysville, OH, USA). Potted cabbages were grown under ambient temperature and photoperiod 
conditions in a glasshouse and they were watered daily; seedlings were grown to the 9-12 true leaf 
stage, defined as stage-4 (Andaloro et al., 1983), for use in experiments. 
 
4.2.2 Insects 
A laboratory culture of P. xylostella was established from locally collected field material 
and cultured on fresh cabbage plants as previously described in Furlong et al. (2004a). 
To infest experimental plants, five pairs of recently emerged male and female P. xylostella 
adults were released into a plastic bag (20 cm x 30 cm) that covered a single leaf on each of 24 
stage-4 potted cabbage plants. Each of the plastic bags had 5 small holes made in it and it was 
securely tied around the petiole of the selected leaf. Moths were allowed to oviposit overnight. On 
the following day, plants were carefully examined for P. xylostella eggs, excess eggs were then 
removed with an entomological pin so that each previously bagged leaf on each plant supported 20 
eggs that were 12-16 h old. 
 
4.2.3 The impact of natural enemies on field populations of P. xylostella 
The impact of natural enemies on P. xylostella cohorts in the field was assessed by 
comparing the survivorship of P. xylostella (egg to pupal stage) on plants in natural enemy 
exclusion cages with survivorship of P. xylostella on plants in open cages to which natural enemies 
had unimpeded access (Furlong et al., 2004a, b, 2008b). These cage designs do not result in 
microclimates that are significantly different from that surrounding uncaged plans (Furlong et al., 
2004a) nor do they restrict the access of natural enemies (Furlong et al., 2004b). Two field studies 
were conducted, the first 6-26 October 2011 and the second 1-16 November 2011. In each study a 
cylindrical wire mesh frame (2 cm mesh; 45 cm in height and 45 cm in diameter) covered with fine 
nylon mesh (0.5 mm
2
) was used to construct both the exclusion and open cages. For exclusion 
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cages, the frame was completely covered by a nylon mesh sleeve while in the open cages only the 
upper 30 cm of the wire frame was covered by nylon mesh sleeve, leaving a gap of 15 cm above the 
ground allowing natural enemy access.
 
In the first study (6-26 October), 11 exclusion cages and 11 open cages were assigned to 
stratified positions between the rows of cabbage plants, while in the second study (1-16 November), 
12 exclusion cages and 12 open cages were assigned to similar positions. No cages were placed into 
the beds at the edge of the experimental field but cages were placed in the second, fourth and sixth 
beds across the field. Within a bed, the first cage was placed 2 m from the edge of the field and 
cages were then placed at 3 m intervals along the bed; cage treatments were alternated along the bed 
such that in the first experiment two beds contained 8 cages and one 6 cages and in the second 
experiment all three beds contained 8 cages. A potted cabbage plant at stage-4 (9-12 true leaves) 
supporting 20 P. xylostella eggs was placed inside each cage. In the exclusion cages, potted plants 
were placed at the bottom of the nylon mesh sleeve and carefully buried to make sure that the sleeve 
stayed firmly between the soil and pot. Three bamboo stakes placed against the edges of each cage 
were used to secure the cages in position. In the open cages, potted plants were positioned in centre 
of the base of the cage and carefully covered by soil to ensure that there were no gaps between the 
top of the pot and the soil surface. 
The P. xylostella cohorts within the cages were examined every 2-3 days and the number 
of individuals surviving in each cohort and their stage of development was recorded. The 
experiments were terminated when most of the insects reached the pre-pupal stage (12-14 days). In 
each cage, the cabbage plant was cut at the base of the stem and placed carefully into a labelled 
plastic bag. All the bags were then transported to the laboratory where they were carefully opened 
and each plant examined to record the number and developmental stage of all surviving insects. The 
surviving individuals on each plant were then placed into Petri dishes (9 cm diameter) containing 
fresh cabbage leaf and incubated at 25
o
C. Adult emergence and parasitism rates were then recorded. 
Using the stage specific survivorship data that was collected throughout the experiment, the number 
of pre-pupae collected from each plant, post-collection parasitism (based on the emergence of larval 
parasitoids) and other post-collection mortality rates, life tables for P. xylostella cohorts in the 
presence and absence of natural enemies were then constructed following the methods previously 
described by Furlong et al. (2004b). 
 
4.2.4 Recruitment and survivorship of cohorts arising from naturally laid eggs of P. xylostella 
in the field 
The survivorship of field laid cohorts of P. xylostella was studied in the cabbage crop used 
for exclusion studies on two occasions. The first study was conducted on young cabbage plants (12 
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September-7 October 2011). It began 2 weeks after seedlings were transplanted (stage-3) and 
finished when plants were at stage–5. The second study was conducted on slightly older plants (7-
19 October 2011); it began when the plants were at stage-5 and plants were still in this stage of 
development when the experiment finished. In both studies, naturally laid P. xylostella eggs were 
recorded by examining randomly selected cabbage plants in the experimental plot. When an egg 
was found, the leaf tissue next to it was marked using a permanent marker pen and the position of 
the egg on the plant was recorded. The plant was then tagged using a labelled bamboo stake to 
facilitate subsequent observations. On the first day of observations, randomly selected plants were 
searched until 30 plants containing P. xylostella eggs were recorded. These plants were 
subsequently re-examined every 2-3 days. The number of additional eggs laid and the survivors 
from the original cohort were recorded at each sample interval as they developed from egg to pupa. 
Observations were terminated when individuals from the original cohort reached the pupal stage. 
Life tables for P. xylostella natural cohorts were then built based on these survival data.  
 
4.2.5 Background field densities of P. xylostella 
During the natural enemy impact experiments, the number of pest insects on 30 randomly 
selected plants within the field plot was recorded every week from 12 September-7 November 
2011. 
 
4.2.6 Predator collection 
4.2.6.1 Destructive sampling of plants 
Destructive sampling to collect predators for gut-contents analysis was conducted 5 times 
(11, 17 and 21 October, 4 and 11 November) within the period of the natural enemy exclusion 
experiments in 2011; thirty plants were randomly selected at each sample interval. A selected plant 
was covered with large plastic bag and cut at its base; predators found on the soil surface 
underneath the sampled plant were hand-collected and placed into the bag containing the plant. This 
process took approximately 5-10 minutes. Five plants were collected in this manner and transferred 
to the field laboratory for further examination. In the laboratory, a sample plant was placed on to 
white plastic sheet and thoroughly searched for predators and pest insects. Predators were 
immediately transferred individually to 1.5 ml labelled micro-centrifuge tubes containing 1 ml 96% 
ethanol, while pest insects were recorded. Approximately 30-60 minutes were needed to complete 
the processing of five sampled plants. These methods were repeated for the next five plants until all 
the 30 selected plantswere sampled, ensuring that field collected predators were stored in ethanol as 
soon as practically possible. All predator specimens were stored at a -20 °C freezer prior to gut-
contents analysis. 
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4.2.6.2 Pitfall trapping of epigeal predators 
Pitfall traps were constructed to study ground dwelling predators in the field. The 
construction, field arrangement and processing of pitfall traps this study was as described in 
Chapter 3, but in this study 40 traps were used. Four collecting liquids were used: 1% aqueous 
detergent (Surf, Unilever Australasia), 96% ethanol (Ethanol Absolute AR 2.5L), ethylene glycol 
(Ethanediol LR/Ethylene glycol) and propylene glycol (1,2,-propanediol); 10 traps (replicates) 
containing each collection liquid were placed in the field.  Pitfall traps were set up on October 10 
and emptied every 4-7 days (14 October, 19 October, 24 October, 1 November, 9 November and 16 
November 2011) thereafter for a period of 5-6 weeks. Predator catch data were pooled across the 
different collecting media at each sample interval as no consistent differences were identified 
between media (see Chapter 3). 
In the pitfall trapping study, two consecutive days of intensive pitfall trap sampling were 
conducted during the second natural enemy exclusion study in order to collect epigeal predators for 
gut-contents analysis. Forty traps were set up as previously described (Chapter 3) with equal 
numbers of traps (n =10) filled with aqueous detergent, 96% ethanol, ethylene glycol and propylene 
glycol. Traps were emptied every 12 hours (18:00 and 06:00) for two successive days (2 and 3 
November 2011). When traps were emptied, each cup was replaced with a clean cup containing 
fresh collecting liquid. Collected arthropods were placed individually within labeled 1.5 ml 
microfuge tubes containing 0.5-1 ml 96% ethanol, depending on the size of the specimen. All tubes 
were placed in a -20 
o
C freezer prior to arthropod identification and gut-contents analysis. 
 
4.2.7 Gut-contents analysis of predators 
DNA from predators collected by destructive sampling and pitfall trapping during the field 
experiments were amplified in single PCR using primers DBM1S and DBM2A for targeting P. 
xylostella mtCO1 DNA and multiplex PCR with primers CPAV1S- and CPAV2A-, for targeting 
Crocidolomia pavonana F. (Lepidoptera: Crambidae) and PRAP1A for Pieris rapae L. 
(Lepidoptera: Pieridae) mtCO1 DNA (see Chapter 2). One P. xylostella positive control, 1 P. 
xylostella-fed predator control, 1 starved predator control, and 1 no-DNA control were included in 
each single PCR reaction. In each multiplex PCR, 1 C. pavonana positive control,1 P. rapae 
positive control, 1 C. pavonana-fed predator control, 1 P. rapae-fed predator control, 1 starved 
predator control, and 1 negative control were also tested. If a negative result was returned in a test 
of a field collected predator then the presence of amplifiable DNA in the sample was tested for 
using universal primers (Furlong et al., 2014). 
A condition for species-specific amplifications modified from that developed by Furlong et 
al. (2014) was employed in this experiment (Chapter 2). Amplification was performed in a Bio-Rad 
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T100
TM
Thermo Cycler. Amplified DNA was then visualized by electrophoresis of 2 μl of the 
PCR/Stop reaction in 1% agarose gel containing gel red in 0.5 x TAE buffer for the P. xylostella 
reaction) and in 2% agarose gel containing ethidium bromide in 1 x TAE buffer for the C. pavonana 
and P. rapae reactions. The PCR product separation was performed at 130 V for 40 minutes (for 
amplified DNA of P. xylostella) and at 100 V for 80 minutes (for amplified DNA of C. pavonana 
and P. rapae). 
 
4.2.8 Ranking of predators that consumed P. xylostella and C. pavonana based on the 
incidence of positive field collected arthropods and appropriate mtCO1 DNA detectability 
half-lives 
Four families of spider that prey on P. xylostella (i.e. Clubionidae, Linyphiidae, Lycosidae 
and Theridiidae) and two families of spider that prey on C. pavonana (i.e. Lycosidae and 
Theridiidae) were ranked in importance based on the proportion field sampled individuals that were 
positive for the mtCO1 DNA of a given prey target adjusted by the detectability half-life for mtCO1 
DNA of that prey type in each predator group following the method described by Greenstone et al. 
(2010). For each spider family-prey mtCO1 DNA combination, the incidence of positive predators 
collected from the field was substituted into the relevant logit regression model and the equation 
solved to estimate the corresponding time since feeding (i.e. the time elapsed that gave the 
measured proportion of positive spiders) (Chapter 2, Table 2.5). This time was then entered into the 
logit-regression model for Lycosidae (the spider family with an intermediate detectability half life 
for P. xylostella mtCO1 DNA) for the relevant prey type (Chapter 2, Table 2.5) to determine the 
adjusted incidence (Greenstone et al., 2010). This method estimates the proportion of a given spider 
family that would be positive for a given type of prey mtCO1 DNA if their half-lives all equaled 
that of the Lycosidae (the family with the intermediate half-life). 
 
4.2.9 The impact of natural enemies on field populations of P. xylostella developing on plants 
of different growth stages 
The impact of natural enemies on P. xylostella cohorts developing on cabbage plants of 
different stages of development was assessed by comparing the survivorship of P. xylostella (egg to 
pupal stage) on plants at stage-4 (9-12 true leaves) and stage-5 (13-19 true leaves) in natural enemy 
exclusion experiments as previously described (see sections 4.2.2 and 4.2.3 of this chapter). The 
experiment was conducted from 12 November to 2 December 2012. In the study, 24 exclusion 
cages and 24 open cages were assigned to stratified positions between the rows of cabbage plants. A 
potted stage-4 cabbage plant supporting 20 P. xylostella eggs was placed inside each of 12 
exclusion cages and 12 open cages. Similarly a potted stage-5 cabbage plant supporting 20 P. 
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xylostella eggs was placed inside each of the remaining 12 exclusion cages and 12 open cages (see 
Appendix 1 for the field arrangement). All 48 plants were examined at 2-3 days intervals as 
previously described and the number and stage of surviving P. xylostella on each experimental plant 
was recorded (see section 4.2.3 of this chapter). 
 
4.2.10 Statistical analysis 
Proportional data representing recovery rates, survival to adulthood, parasitism rates and 
post-collection mortality rates were subjected to angular transformation before analysis by t-tests 
(SAS Institute 1999). 
 
4.3 Results 
4.3.1 The impact of natural enemies on field populations of P. xylostella 
The proportion of P. xylostella cohorts recovered from natural enemy exclusion cages was 
significantly greater than the proportion recovered from open cages in both the first (t = 2.44, P = 
0.03) and second (t = 4.69, P < 0.001) experiments (Fig. 4.1). Similarly, the survival to adulthood 
was also significantly greater in natural enemy exclusion cages than in open cages in both the first (t 
= 4.34, P = 0.003) and second (t = 5.54, P < 0.001) experiments (Fig. 4.1). 
In both experiments there was considerable disappearance of eggs in both the natural 
enemy exclusion and the open cages (Tables 4.1 and 4.2). In each experiment there was little or no 
subsequent mortality in cages from which natural enemies were excluded. However, in the open 
cages, significant disappearance of second, third and fourth instar larvae occurred, contributing 
significantly to losses recorded in the P. xylostella cohorts exposed to natural enemies (Tables 4.1 
and 4.2). 
No parasitoids developed from P. xylostella that developed in the total exclusion cages in 
either experiment. However, D. semiclausum was reared from individuals collected from open 
cages and marginal larval parasitism rates of 0.44 and 0.85 were recorded in the first and second 
experiments respectively (Tables 4.1 and 4.2). In the first experiment the net reproductive rate (Ro) 
for the cohort reared in the absence of natural enemies was 35.7 while in the cohort reared in the 
presence of natural enemies, Ro = 6.8. Similarly in the second experiment the Ro for the cohort 
reared in the absence of natural enemies was 35.2 while in the cohort reared in the presence of 
natural enemies, Ro = 0.3. 
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4.3.2 Recruitment and survivorship of cohort arising from naturally laid eggs of P. xylostella 
in the field 
In the first cohort, 466 eggs were recruited to the P. xylostella population on the 30 
sampled plants, while in the second cohort 135 eggs were recruited. The first cohort suffered 
significant mortality at all stages (Table 4.3). Egg disappearance (marginal mortality = 0.72), 
parasitism by D. semiclausum (marginal mortality = 0.67) and disappearance of fourth instar larvae 
(marginal mortality = 0.77), caused the greatest mortality in the first cohort. In the second cohort, 
egg and larval disappearance in the first three instars was greatly reduced (marginal mortality = 
0.04-0.22) and larval disappearance in the fourth instar (marginal mortality = 0.63) and parasitism 
by D. semiclausum (marginal mortality = 0.67) were the major causes of death (Table 4.3). In the 
first cohort Ro = 0.4 while in the second cohort it rose 8.8 (Table 4.3). 
 
 
Fig. 4.1 Mean proportion (± SE) of the experimental cohort of P. xylostella recovered and the mean 
proportion (± SE) surviving to adulthood in the different cage treatments in A. experiment 1 (6-26 
October 2011, n = 220) (recovery t = 2.44, P = 0.03 and survivorship t =4.34, P = 0.0003) and B. 
experiment 2 (1-16 November 2011, n = 240) (recovery t = 4.69, P = 0.0001 and survivorship t = 
5.54, P < 0.0001) 
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Fig. 4.2 Mean (± SE) survivorship of P. xylostella in natural enemy exclusion experiments using different cage treatments in A. the first experiment (6-
26 October 2011) and B. the second experiment (1-16 November 2011); C. Rainfall events and maximum and minimum daily temperatures recorded 
during the experimental periods. 
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Table 4.1 Life tables for P. xylostella in natural enemy access and natural enemy exclusion cages at GRF, first experiment, 6-26 October 2011. 
Stage 
Natural enemy access to P. xylostella cohort    Natural enemy excluded from P. xylostella cohort  
Mortality 
factor lx dx qx 
Marginal 
mortality rate k-value 
 
Mortality 
factor lx dx qx 
Marginal 
mortality 
rate k-value 
                            
Egg 
 
220 
      
220 
    
 
Disappearance  118 0.54 0.54 0.33 
 
Disappearance  85 0.39 0.39 0.21 
              L1 
 
102 
      
135 
    
 
Disappearance  7 0.07 0.07 0.03 
 
Disappearance  3 0.02 0.02 0.01 
              L2+L3 
 
95 
      
132 
    
 
Disappearance  15 0.16 0.16 0.07 
 
Disappearance  0 0.00 0.00 0 
 
D. 
semiclausum  35 0.37 0.44 0.25 
       L4 
 
45 
      
132 
    
 
Disappearance  20 0.44 0.44 0.25 
 
Disappearance  0 0.00 0.00 0 
             
0 
Pupa 
 
25 
     
132 
    
 
Disappearance  0 0.00 0.00 0 
 
Disappearance  0 0.00 0.00 0 
             Adults 
 
25 
     
132 
      Ro = 6.8            Ro = 35.7           
lx, number of individuals entering stage; dx, number of insects killed by a factor in given stage; qx, proportion of individuals observed killed by 
a factor in a stage. Marginal mortality rate = proportion of insects remaining after the operation of an earlier factor in that life stage which are 
killed by given mortality factor. Ro was calculated based on female fecundity of 119 eggs and a sex ratio of 1:1 (Furlong et al., 2004a). 
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Table 4.2 Life tables for P. xylostella in natural enemy access and natural enemy exclusion cages at GRF, second experiment, 1-16 November 2011. 
Stage 
Natural enemy access to P. xylostella cohort    Natural enemy excluded from P. xylostella cohort  
Mortality 
factor lx dx qx 
Marginal 
mortality 
rate k-value 
 
Mortality 
factor lx dx qx 
Marginal 
mortality 
rate k-value 
                            
Egg 
 
240 
      
240 
    
 
Disappearance 163 0.68 0.68 0.49 
 
Disappearance 98 0.41 0.41 0.22 
              L1 
 
77 
      
142 
    
 
Disappearance 7 0.09 0.09 0.04 
 
Disappearance 0 0.00 0.00 0 
              L2+L3 
 
70 
      
142 
    
 
Disappearance 44 0.63 0.63 0.43 
 
Disappearance 0 0.00 0.00 0 
 
D. semiclausum 22 0.31 0.85 0.81 
       L4 
 
4 
      
142 
    
 
Disappearance 1 0.25 0.25 0.12 
 
Disappearance 0 0.00 0.00 0 
             
0 
Pupa 
 
3 
      
142 
    
 
Disappearance 2 0.67 0.67 0.48 
 
Disappearance 0 0.00 0.00 0 
              Adults 
 
1 
      
142 
      Ro = 0.3           Ro = 35.2         
lx, number of individuals entering stage; dx, number of insects killed by a factor in given stage; qx, proportion of individuals observed 
killed by a factor in a stage. Marginal mortality rate = proportion of insects remaining after the operation of an earlier factor in that life 
stage which are killed by given mortality factor. Ro was calculated based on female fecundity of 119 eggs and a sex ratio of 1:1 (Furlong et 
al., 2004a). 
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Table 4.3 Life tables for naturally laid P. xylostella cohorts (cohort 1: 12 September-7 October 
2011, cohort 2: 7-19 October 2011). 
Cohort Stage Mortality factor lx dx qx 
Marginal 
mortality rate k-value Ro 
1 Egg  466     0.4 
  Disappearance  337 0.72 0.72 0.56  
 L1  129      
  Disappearance  67 0.52 0.52 0.32  
 L2+L3  62      
  Disappearance  23 0.37 0.37 0.20  
  D. semiclausum  26 0.42 0.67 0.48  
 L4  13      
  Disappearance  10  0.77 0.64  
 Pupa  3      
2 Egg  135     8.8 
  Disappearance  6 0.04 0.04 0.02  
 L1  129      
  Disappearance  28 0.22 0.22 0.11  
 L2+L3  101      
  Disappearance  9 0.09 0.09 0.04  
  D. semiclausum  38 0.38 0.41 0.23  
 L4  54      
  Disappearance  34  0.63 0.43  
 Pupa  20      
lx, number of individuals entering stage; dx, number of insects killed by a factor in given stage; 
qx, proportion of individuals observed killed by a factor in a stage. Marginal mortality rate = 
proportion of insects remaining after the operation of an earlier factor in that life stage which 
are killed by given mortality factor. Ro was calculated based on female fecundity of 119 eggs 
and a sex ratio of 1:1 (Furlong et al., 2004a). 
 
4.3.3 Environmental conditions and background field densities of pests and predators during 
experiments 
During the exclusion cage experiments eight rainfall events were recorded, the highest fall 
was 30 mm on 15 October 2011 (Fig. 4.2). As the season changed from spring to summer, 
temperatures gradually increased, from daily minima and maxima of 13.9 ºC and 22 ºC respectively 
when the first cage experiment started, to daily minima and maxima of 20 ºC and 34.9 ºC 
respectively by the end of the second experiment (Fig. 4.2). 
The density of P. xylostella larvae in the experimental plot ranged from 0.3 to 12.0 per 
plant (Fig. 4.3A), the density of C. pavonana egg masses ranged from 0 to 0.2 per plant but no C. 
pavonana larvae were recorded, and the density of P. rapae larvae ranged from 0 to 2.1 per plant. 
The mean number of foliar dwelling predators collected during the destructive sampling increased 
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significantly during the experiment periods (Fig. 4.3B). The most abundant epigeal insects caught in 
pitfall traps were an unidentified species of Staphylinidae (n = 120) followed by Labidura truncata 
Kirby (Dermaptera: Labiduridae) (n = 94) and Nala lividipes (Dufour) (Dermaptera: Labiduridae) 
(n = 39) (Table 4.4). Spiders collected in pitfall traps were dominated by Lycosidae (n = 181) and 
Linyphiidae (n = 64) (Table 4.4). 
 
 
 
Fig. 4.3 A. Mean numbers of pest larvae per plant per day (± SE) , B. Mean number of predators 
per plant per day (± SE), the number of predators per plant increased with time F4,135 = 8.26; P < 
0.0001, means marked by the same letter are not significantly different (LSD; P < 0.05).  
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Table 4.4 Total numbers of ground-dwelling arthropods collected in 40 traps during the natural 
enemy exclusion experiments at GRF  
Arthropods 
Sample interval  
1 2 3 4 5 6 Total 
Araneae 
      
 
Araneidae 0 1 3 2 1 4 11 
Gnaphosidae 1 2 4 1 0 2 10 
Linyphiidae 10 17 7 12 8 10 64 
Lycosidae 7 9 44 21 37 63 181 
Oxyopidae 0 0 0 0 0 1 1 
Salticidae 1 3 5 2 4 4 19 
Neuroptera 
      
 
Hemerobiidae 0 1 0 1 0 0 2 
Coleoptera 
      
 
Carabidae 1 1 1 0 0 1 4 
Coccinellidae 6 7 12 0 1 3 29 
Pselaphidae 0 0 0 0 2 0 2 
Nitidulidae 2 0 2 0 0 2 6 
Anthicidae 0 0 3 0 0 0 3 
Staphylinidae 10 26 30 10 14 30 120 
Dermaptera 
      
 
Labidura truncata 1 5 26 11 16 35 94 
Nala lividipes 1 2 3 0 12 21 39 
Formicidae 1 3 0 2 4 1 11 
Hemiptera 
      
0 
Nabidae 0 1 0 0 0 0 1 
Pentatomidae 0 0 1 0 0 0 1 
unidentified Heteroptera 0 1 0 0 4 4 9 
Total number per week 41 79 141 62 103 181 - 
Total number per day 10.6 15.8 28.2 12.4 14.7 25.9 - 
Pitfall traps were set up on October 10 and emptied every 4-7 days (Sample 1: 10-14 
October; Sample 2: 14-19 October, Sample 3: 19-24 October, Sample 4: 27 October-
1 November, Sample 5: 2-9 November and Sample 6: 9-16 November 2011) 
 
 
4.3.4 Gut-contents analysis of predators 
The mean number of predators collected per sample date during the destructive sampling 
of 30 plants on 5 sampling dates between 11 October to 11 November 2011 increased with 
successive samples (F = 8.26, df = 4, P<0.0001, Fig.4.3.B). Spiders collected by destructive 
sampling of plants accounted for 85% of the total number of predators (n = 340 predators from 150 
plants) collected by this method. The most abundant spiders were Linyphiidae (46% of 289 spiders 
collected), followed by Theridiidae (14%), Clubionidae (10%), Salticidae (9%), Lycosidae (7%), 
Araneidae (3%), Oxyopidae (3%), Thomisidae (< 1%); unidentified Araneae represented 5% of all 
spiders collected (Table 4.5). In this experiment, P. xylostella mtCO1 DNA was detected in at least 
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one individual of all spider families collected except the Thomisidae, of which only 2 individuals 
were sampled from plants (Table 4.5). Based on the proportion of predators from each family that 
were positive for P. xylostella mtCO1 DNA, they could be ranked Thomisidae < Salticidae < 
Araneidae = Lycosidae < Linyphiidae < Clubionidae < Theridiidae < Tetragnathidae < Oxyopidae 
(Table 4.5). Crocidolomia pavonana mtCO1 DNA was detected at low incidence in Lycosidae, 
Salticidae and Theridiidae but in no other spider families (Table 4.5). Similarly only Linyphiidae 
and Theridiidae contained P. rapae mtCO1 DNA, but the incidences were low (Table 4.5). 
The most abundant predatory insect collected during destructive sampling was 
Hippodamia variegate (Goeze) (57% of 51 individuals) (Table 4.6), but only (3.4%) of them 
contained pest (P. xylostella or P. rapae) mtCO1 DNA. Micromus sp. and two species of 
unidentified Staphylinidae were the next most abundant arthropods sampled; of the nine Micromus 
sp. collected, two were positive for P. xylostella mtCO1 DNA and of the eight Staphylinidae 
collected, one was positive for P. xylostella mtCO1 DNA while six were positive for C. pavonana 
mtCO1 DNA (Table 4.6). 
Lycosidae, Linyphiidae and Staphylinidae and two species of Dermaptera, L. truncata and 
N. lividipes, were the most abundant predatory arthropods in the pitfall traps that sampled epigeal 
arthropods during the cage experiments (Table 4.7). Of the 12 Linyphiidae collected in pitfall traps, 
three contained P. xylostella mtCO1 DNA, two contained C. pavonana mtCO1 DNA and one 
contained mtCO1 DNA of both species (Table 4.8). Similarly, 11 Lycosidae were collected and two 
were positive for P. xylostella mtCO1 DNA, single individuals were also positive for C. pavonana 
mtCO1 DNA and P. rapae mtCO1 DNA (Table 4.8); no other Araneae collected in pitfall traps 
contained mtCO1 DNA of the target pest species (Table 4.8). Eleven Dermaptera were collected in 
pitfall traps, all five N. lividipes collected tested positive for target pest DNA (3 were positive for C. 
pavonana mtCO1 DNA and two were positive for P. rapae mtCO1 DNA) and three of the six L. 
truncata collected tested were positive for P. rapae mtCO1 DNA. Although only two Miridae and 
one Nabidae were collected, all three individuals were positive for either P. xylostella or C. 
pavonana mtCO1 DNA (Table 4.7). 
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Table 4.5 Total number of foliar-dwelling spiders collected from uncaged field plants during the first and second natural enemy exclusion experiments 
and the percentages containing target prey DNA (DBM = P. xylostella mtCO1 DNA; LCM = C. pavonana mtCO1 DNA; and P. rapae = P. rapae 
mtCO1 DNA) 
Family of spiders 
First cage experiment 
 
Second cage experiment 
 
Combined 
Total 
spiders 
collected 
Percentage of spiders 
containing DNA of 
 
Total 
spiders 
collected 
Percentage of spiders 
containing DNA of 
 
Total 
spiders 
collected 
Percentage of spiders 
containing DNA of 
DBM LCM P. rapae 
 
DBM LCM P. rapae 
 
DBM LCM P. rapae 
Araneidae 7 43 0 0 
 
3 0 0 0 
 
10 30 0 0 
Clubionidae 26 31 0 0 
 
4 75 0 0 
 
30 37 0 0 
Lycosidae 10 40 0 0 
 
10 20 10 0 
 
20 30 5 0 
Linyphiidae 40 43 0 0 
 
92 29 0 2 
 
132 33 0 2 
Oxyopidae 8 50 0 0 
 
2 1 0 0 
 
10 60 0 0 
Salticidae 9 22 0 0 
 
16 25 6 0 
 
25 24 4 0 
Tetragnathidae 0 0 0 0 
 
5 40 0 0 
 
5 40 0 0 
Theridiidae 27 41 4 7 
 
14 36 0 0 
 
41 39 2 5 
Thomisidae 0 0 0 0 
 
2 0 0 0 
 
2 0 0 0 
Unidentified Araneae 9 22 0 0 
 
5 20 0 0 
 
14 21 0 0 
Total number of 
spiders 136 
    
153 
    
289 
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Table 4.6 Total number of foliar-dwelling predatory insects collected from uncaged field plants during the first and second natural enemy exclusion 
experiments and the percentages containing target prey DNA (DBM = P. xylostella mtCO1 DNA; LCM = C. pavonana mtCO1 DNA; and P. rapae = 
P. rapae mtCO1 DNA) 
Insect Family 
First cage experiment 
 
Second cage experiment 
 
Combined 
Total 
predators 
collected 
Percentage of predators 
containing DNA of... 
 
Total 
predators 
collected 
Percentage of predators 
containing DNA of... 
 
Total 
predators 
collected 
Percentage of predators 
containing DNA of... 
DBM LCM P. rapae 
 
DBM LCM P. rapae 
 
DBM LCM P. rapae 
Neuroptera 
              Micromus sp. 5 40 0 20 
 
4 0 0 50 
 
9 22 0 33 
Hemiptera 
              Deraeocoris sp. 1 0 0 1 
 
2 0 0 0 
 
3 0 0 33 
Coleoptera 
              Hippodamia 
variegata 14 7 0 0 
 
15 0 0 7 
 
29 3 0 3 
Staphylinidae A 1 0 1 0 
 
2 0 100 0 
 
3 0 100 0 
Staphylinidae B 0 0 0 0 
 
5 20 60 0 
 
5 20 60 0 
Total number of 
predatory insects 21 
    
28 
    
49 
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Table 4.7 Ground-dwelling predators collected by pitfall trapping during the second natural enemy 
exclusion experiment and percentage containing prey target DNA (DBM = P. xylostella mtCO1 
DNA; LCM = C. pavonana mtCO1 DNA; and P. rapae = P. rapae mtCO1 DNA) 
Family/Genus/Species 
of Predators 
Total 
predators 
collected 
Percentage of predators containing DNA of... 
DBM LCM P. rapae 
DBM 
and 
LCM 
DBM and 
P. rapae 
Spiders 
      Linyphiidae 12 25 17 0 8 0 
Lycosidae* 11 15 8 8 0 0 
Salticidae 3 0 0 0 0 0 
Unidentified Araneae 1 0 0 0 0 0 
Total number of spiders 29 
     
       Insects 
      Dermaptera (Labiduridae) 
      Labidura truncata 6 0 0 50 0 17 
Nala lividipes 5 0 60 40 0 0 
Hemiptera 
      Lygaeidae 1 0 0 0 0 0 
Miridae 2 50 50 0 0 0 
Nabidae 1 0 0 0 100 0 
Hymenoptera 
      Formicidae 2 50 0 0 0 0 
Coleoptera 
      Nitidulidae 2 0 0 0 0 0 
Hippodamia variegata 1 0 0 0 0 0 
Staphylinidae 1 1 0 0 0 0 0 
Staphylinidae 2 13 15 8 23 0 0 
Total number of insects 34 
     Total predators 63 
  
   
* 13 Lycosidae were collected from the field; however, DNA could not be extracted from 2 of 
these individuals. 
 
 
4.3.5 Ranking of predators that consumed P. xylostella and C. pavonana based on the 
incidence of positive field collected arthropods and appropriate mtCO1 DNA detectability 
half-lives 
Detectability half-lives for target P. xylostella mtCO1 DNA were determined for 
Clubionidae, Linyphiidae, Lycosidae and Theridiidae and detectability half-lives for target C. 
pavonana mtCO1 DNA were determined for Lycosidae and Theridiidae (Chapter 2), but 
detectability half-lives were not determined for any of the predatory insects feeding on pest 
Lepidoptera in this system. 
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Based on the frequency of positive P. xylostella mtCO1 DNA detection events in foliar-
dwelling field-collected spiders, the families for which detectability half-lives were determined 
could be ranked Lycosidae < Linyphiidae < Clubionidae < Theridiidae (Table 4.5). Similarly, based 
on the frequency of positive P. xylostella mtCO1 DNA detection events in epigeal spiders collected 
in pitfall traps, they could be ranked Lycosidae < Linyphiidae (Table 4.); no other spiders collected 
in pitfall traps tested positive for P. xylostella mtCO1 DNA (Table 4.7). However, when the 
adjusted incidence was calculated by incorporating the detectability half-life of the target mtCO1 
DNA in the different spider families, the ranking of the foliar dwelling predators changed to 
Theridiidae < Linyphiidae < Lycosidae < Clubionidae (Table 4.8). When the adjusted incidences 
were further calibrated by the relative abundance of each predator family in the foliar samples, the 
ranking changed again to Theridiidae < Lycosidae < Clubionidae < Linyphiidae (Table 4.8). 
During the experiment, the incidence of C. pavonana was low (Fig. 4.3A) but some 
predators did test positive for C. pavonana mtCO1 DNA when sampled from plant foliage (Table 
4.5) and in pitfall traps (Table 4.7). Detectability half-lives for the target mtCO1 DNA were only 
estimated for Theridiidae and Lycosidae (Chapter 2). Based on the frequency of positive C. 
pavonana mtCO1 DNA detection events in foliar-dwelling field-collected spiders, these families 
could be ranked Theridiidae < Lycosidae. The adjusted incidence that incorporated the detectability 
half-life of the target mtCO1 DNA did not affect this ranking (Table 4.9) nor did further adjustment 
by incorporation of the relative abundance of each predator family (Table 4.9). 
 
4.3.6 The impact of natural enemies on field populations of P. xylostella developing on plants 
of different growth stages 
The proportions of P. xylostella recovered from the stage-4 and stage-5 plants reared in the 
natural enemy exclusion cages were significantly greater than the proportions recovered from the 
corresponding plant stages reared in the open cages (F1,44 = 43.5, P < 0.0001). Similarly, a 
significantly greater proportion of the experimental cohorts reared in natural enemy exclusion cages 
survived to adulthood when compared with those reared in open cages (F1,44 = 81.3, P < 0.0001). 
However, there was no effect of plant growth stage on the proportion of each experimental cohort 
that was recovered (F1,44 = 0.84, P = 0.36) or reared to adulthood (F1,44 = 0.75, P = 0.39) (Fig. 4.4) 
Diadegma semiclausum was reared from individuals collected from open cages, and 
marginal parasitism rates of 0.50 and 0.39 were recorded in insects collected from the stage-4 and 
stage-5 plants respectively (Table 4.10). No parasitoids developed from P. xylostella which 
developed in the total exclusion cages (Table 4.10). Net reproductive rate (Ro) of P. xylostella 
cohorts in presence of natural enemies was lower on stage-4 plants (Ro = 1.3) than on stage-5 plants 
(Ro = 6.0) (Table 4.10). 
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Table 4.8 Incidence (proportion) of P. xylostella mtCO1 DNA detected in spiders collected by destructive sampling of foliage and by pitfall trapping 
and relative importance index for each group of predators. 
 Spiders collected on foliage  Spiders collected in pitfall traps 
Spider Family 
Raw 
incidence 
Adjusted 
incidence
1
 
 
n
2
 
Relative 
importance index
3
 
 Raw 
incidence 
Adjusted 
incidence
1
 
 
n
2
 
Relative 
importance index
3
 
Linyphiidae 0.33 0.28 132 37  0.33 0.28 12 3.4 
Lycosidae 0.30 0.30 20 6  0.15 0.15 11 1.7 
Clubionidae 0.37 0.88 30 26  - - 0 - 
Theridiidae 0.39 1x10
-6
 41 0.4 x 10
-5
  - - 0 - 
1 
For each spider family the raw incidence was used to calculate the corresponding time since feeding from its logit model 
(Greenstone et al. (2010); Chapter 2), which was then entered into the logit model for Lycosidae (Chapter 2) to calculate the 
adjusted incidence (see section 4.2.8). 
2 
n = number of individuals collected by each sampling method 
3 
Relative importance index = adjusted incidence of P. xylostella mtCO1 DNA detected * total number sampled. 
 
 
Table 4.9 Incidence (proportion) of C. pavonana mtCO1 DNA detected in Lycosidae and Theridiidae collected by destructive sampling of foliage and 
by pitfall trapping and relative importance index for each group. 
 Spiders collected on foliage  Spiders collected in pitfall traps 
Spider Family 
Raw 
incidence 
Adjusted 
incidence
1
 
 
n
2
 
Relative 
importance index
3
  
Raw 
incidence 
Adjusted 
incidence
1
 
 
n
2
 
Relative 
importance index
3
 
Lycosidae 0.05 0.05 30 1.5  0.077 0.077 11 0.85 
Theridiidae 0.024  6 x 10
-6
 41 2 x 10
-4
      
1 
For Theridiidae, the raw incidence was used to calculate the corresponding time since feeding from its logit model (Greenstone 
et al. (2010); Chapter 2), which was then entered into the logit model for Lycosidae (Chapter 2) to calculate the adjusted incidence 
(see section 4.2.8). 
2 
n = number of individuals collected by each sampling method. 
3 
Relative importance index = adjusted incidence of C. pavonona mtCO1 DNA detected * total number sampled. 
66 
 
Table 4.10 Life tables for P. xylostella on the stage-4 and stage-5 plants in natural enemy access cages and natural enemy exclusion cages  
 Stage 
Natural enemy access to P. xylostella cohort  
 
Natural enemy excluded from P. xylostella cohort  
factors lx dx qx 
Marginal mortality 
rate k-value Ro 
 
lx dx qx 
Marginal mortality 
rate k-value Ro 
 Egg 
 
240 
    
 
 
240 
    
 
 
 
Disappearance 
 
161 0.67 0.67 0.48  
  
73 0.30 0.30 0.16  
 L1 
 
79 
    
 
 
167 
    
 
 
 
Disappearance 
 
8 0.10 0.10 0.05  
  
2 0.01 0.01 0.01  
 L2+L3 
 
71 
    
 
 
165 
    
 
 
 
Disappearance 
 
43 0.61 0.61 0.40  
  
0 0.00 0.00 0.00  
 
 
D. semiclausum 
 
14 0.20 0.50 0.30  
      
 
 L4 
 
14 
    
 
 
165 
    
 
 
 
Disappearance 
 
8 0.57 0.57 0.37  
  
13 0.08 0.08 0.04  
 Pupa 
 
6 
    
 
 
164 
    
 
 
 
Disappearance 
 
1 0.17 0.17 0.08  
  
4 0.02 0.02 0.01  
 Adult 
 
5 
    
1.3 
 
160 
    
39. 7 
 Egg 
 
240 
    
 
 
240 
    
 
 
 
Disappearance 
 
154 0.64 0.64 0.45  
  
78 0.33 0.33 0.17  
 L1 
 
86 
    
 
 
162 
    
 
 
 
Disappearance 
 
9 0.10 0.10 0.05  
  
0 0.00 0.00 0.00  
 L2+L3 
 
77 
    
 
 
162 
    
 
 
 
Disappearance 
 
15 0.19 0.19 0.09  
  
1 0.01 0.01 0.00  
 
 
D. semiclausum 
 
24 0.31 0.39 0.21  
      
 
 L4 
 
38 
    
 
 
161 
    
 
 
 
Disappearance 
 
11 0.29 0.29 0.15  
  
13 0.08 0.08 0.04  
 Pupa 
 
27 
    
 
 
161 
    
 
 
 
Disappearance 
 
3 0.11 0.11 0.05  
  
4 0.02 0.02 0.01  
 Adult  24     6.0  157     38.9 
 lx, number of individuals entering stage; dx, number of insects killed by a factor in given stage; qx, proportion of individuals observed killed by a factor in a 
stage. Marginal mortality rate = proportion of insects remaining after the operation of an earlier factor in that life stage which are killed by given 
mortality factor. Ro was calculated based on female fecundity of 119 eggs and a sex ratio of 1:1 (Furlong et al., 2004a). 
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Fig. 4.4 Mean proportion (± SE) of the experimental cohort of P. xylostella recovered and the mean 
proportion surviving (± SE) to adulthood in the different plant stages and cage treatments; different 
letters in the same bar colour denote a significant difference recovered (F1,44 = 43.5, P < 0.0001) and 
surviving to adult (F1,44 = 81.3, P < 0.0001). 
 
4.4. Discussion 
Studying the impact of predation on pest populations needs an understanding of the tri-
trophic interactions between plants, their herbivores and the predators and parasitoids of those 
herbivores. In general, research on the ecology of predators in agro-ecosystems has concentrated on 
measures of the diversity and/or abundance of natural enemies without relating these measures to 
pest mortality in the field (Letourneau & Bothwell, 2008; Furlong & Zalucki, 2010). Studies on 
predation of Brassica pests have mostly been conducted in that manner (Sivapragasam et al., 1988; 
Schellhorn & Sork, 1997; Suenaga & Hamamura, 2001), but some studies have measured the 
impact of predators on pest populations (Dempster, 1967; Ashby, 1974; Schmaedick & Shelton, 
2000; Furlong et al., 2004a, b, 2008b, 2014). 
The importance of predation as a cause of mortality in P. xylostella populations has been 
demonstrated previously (Furlong et al., 2004a, b, 2008b, 2014). In addition, based on life tables 
built in various cabbage seasons, Syed et al. (2012) reported that desiccation of eggs, unsuccessful 
establishment of neonate larvae, parasitoids such as Trichogramma sp., Diadegma sp. and Oomyzus 
sokolowskii and predators such as Chrysoperla carnea, Coccinella sp., ants and spiders were 
important mortality factors of early instarsof P. xylostella in Pakistan. Although the work by Syed 
et al. (2012) records P. xylostella disappearance and the presence of arthropod predators, it does not 
provide evidence that any of these actually fed on the pest. Evidence that specific predators have 
fed upon a pest is difficult to obtain, particularly for nocturnal and cryptic species but direct field 
0
0.2
0.4
0.6
0.8
1
Stage-4 in open 
cages
Stage-5 in open 
cages
Stage-4 in exclusion 
cages
Stage-5 in exclusion 
cages
M
ea
n
 p
ro
p
o
rt
io
n
 o
f 
co
h
o
rt
 (
 
S
E
)
Recovered Surviving to adult
a
b
a
a
a
bbb
68 
 
observations have shown that Podisus nigrispinus (Dallas) (Hemiptera: Pentatomidae) consumes P. 
xylostella larvae in the field in Brazil (Silva-Torres et al., 2010) and Furlong et al. (2014) used 
molecular gut-contents analysis to identify predators containing P. xylostella DNA in Queensland, 
Australia. 
Based on the ecological approach adopted in this study, both predators and parasitoids 
were shown to be important causes of P. xylostella mortality, as significantly lower recovery and 
survivorship rates of P. xylostella were recorded in open cages that allowed access to predators 
compared with natural enemy exclusion cages (Figs 4.1 and 4.2). Detailed examination of life tables 
built for P. xylostella based both on experimental cohorts during the natural enemy exclusion 
studies and on the measurement of the natural field population mortality shows that the parasitoid, 
D. semiclausum was an important mortality factor of this pest. This supports previous work, which 
shows the importance of D. semiclausum as parasitoid of P. xylostella in this agro-ecosystem 
(Furlong et al., 2004 a, b). Life tables of P. xylostella further show the importance of predators as 
agents of P. xylostella population suppression (Tables 4.1, 4.2, and 4.8). However, pupal parasitism 
and pupal predation could not be determined the method used in this experiment since the P. 
xylostella were collected during pre-pupal stage. 
Despite the typically lower energy returns of small prey (Schoener, 1969), predators 
usually consume prey with smaller bodies than themselves, as such prey items are generally easier 
to catch and handle (Roger et al., 2000). This study suggests that P. xylostella egg predation was 
high (Tables 4.1, 4.2, and 4.3). However, it is possible that this estimate is due, at least in part, to 
difficulties in categorically defining egg and neonate mortality.In the first and second observations 
of experimental cohort survivorship in the natural enemy exclusion experiments, egg disappearance 
was high (Tables 4.1 and 4.2); but often the number of first instar larvae recorded in the third 
sample interval was higher than the number of surviving eggs recorded previously. Neonate P. 
xylostella larvae are extremely small and difficult to locate on plants in the field, thus it is possible 
that egg disappearance was overestimated in this study and that mortality of neonate larvae was 
similarly underestimated. Irrespective of the precise stage in which mortality occurred, mortality in 
of early stage of P. xylostella was high (Tables 4.1, 4.2 and 4.3). In both natural enemy exclusion 
studies, estimated egg mortality (and therefore possible neonate mortality) was high in both natural 
enemy access and natural enemy exclusion treatments (Tables 4.1 and 4.2). This indicates that 
either abiotic effects such as rainfall, which occurred at the start of both experiments (Fig. 4.2), or 
biotic effects, such as the direct impact of host plants, significantly impacted on the survival of early 
stage P. xylostella. However, higher marginal mortality rates in natural enemy access cages 
compared with those in natural enemy exclusion cages confirm that natural enemies significantly 
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impacted on early stage survival. Limited mobility of immature Lepidoptera might contribute on the 
relatively low survival rates observed (Renwick, 1989). Additionally, the ballooning response that 
Lepidopera larvae sometimes show in the presence of natural enemies might also contribute to the 
losses of larvae recorded (Sunderland, 1999). If this is the case that P. xylostella disrupted by the 
natural enemies movement, the then estimates of predation might be slight overestimates. 
Life table analysis shows that the net reproductive rate (Ro) of P. xylostella in the presence 
of natural enemies was lower than in the absence of natural enemies, indicating that natural enemies 
(predators and parasitoids) have the capacity to reduce the increase of the population in the next 
generation. Significantly, in the second experiment the Ro for P. xylostella in natural enemy access 
cages was < 1. This demonstrates that the impact of natural enemies caused the population to 
decline and predators were a significant component of the natural enemy complex acting on the P. 
xylostella cohort (Tables 4.2, 4.5, 4.6, and 4.7). The Ro of the natural population of P. xylostella on 
stage-4 plants was lower than on stage-5 plants (Table 4.10); but there was no statistical evidence 
for greater mortality. This indicates that natural enemies might be more effective on younger, 
smaller plants, but this requires further investigation using more replicates in the whole experiment. 
Gut-contents analysis of foliar and ground dwelling predators collected by destructive 
sampling alongside the P. xylostella natural enemy exclusion experiments shows that overall, 29% 
of predators collected contained target prey mtCO1 DNA (P. xylostella, C. pavonana or P. rapae) 
(Tables 4.5 and 4.6). No single predator group dominated the fauna positive for prey mtCO1 DNA 
but, of the foliar dwelling predators tested, more spiders than non-spider predators were positive for 
pest mtCO1 DNA (Tables 4.5and 4.6). The relative impact of various predator taxa on the pest 
target, however, can only be determined by considering the relative detectability half-life of each 
predator-prey combination (Greenstone et al., 2014). Simple measurement of the positive detection 
of prey mtCO1 DNA in the guts of the certain species of predator might overestimate the 
importance of that predator compared to other predators if prey mtCO1 DNA half-life detectability 
is long in that species.To properly gauge the rank of all predator taxa collected in this study is a 
challenge as more than 20 groups of predators were recorded to feed upon one or more the three 
target prey investigated. Interpretation of data recording positive prey detection in the guts of 
predators is difficult as many factors can affect detectability half-life of DNA sequences within the 
guts of predators, for example, species of predator (Hoogendoorn & Heimpel, 2001), species of 
prey (Juen & Traugott, 2006), time after feeding (Agustí et al., 2003a), temperature (Hoogendoorn 
& Heimpel, 2001), weight, size, developmental stage and sex of predator (Hoogendoorn & 
Heimpel, 2001; Sheppard et al., 2005), and prey size and subsequent food intake (Hoogendoorn & 
Heimpel, 2001; Juen & Traugott, 2005) have all been shown to affect detectability half-life. 
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Detectability half-life studies for P. xylostella mtCO1 DNA were conducted for four 
families of spiders (Clubionidae, Linyphiidae, Lycosidae and Theridiidae) found associated with 
plants in this study (see Chapter 2). At 25 ºC, the detectability half life of P. xylostella mtCO1 DNA 
was 160 h, 57 h, 54 h and 18 h in Theridiidae, Lycosidae, Linyphiidae and Clubionidae respectively 
(Chapter 2, Table 2.4). Based on the numbers of each spider family collected during destructive 
sampling, the Linyphiidae were the most abundant predator group in Brassica crops (132 collected), 
followed by Theridiidae, Clubionidae and Lycosidae of which 41, 30 and 20 individuals were 
collected respectively. However, the rank of predator importance changed significantly if the 
proportion of predators that contained P. xylostella mtCO1 DNA was considered. Based on this 
criterion, spider families ranked Lycosidae (30% positive for prey DNA) < Linyphiidae (33%) < 
Clubionidae (37%) < Theridiidae (39%) (Table 4.5). The rank of spiders changed again when 
detectability half-lifeof target DNA was considered and used to adjust incidences (Greenstone et al., 
2010) and predators ranked Theridiidae < Linyphiidae < Lycosidae < Clubionidae (Table 4.8).  It 
changed further still when ranking based on adjusted incidence and predator prevalence in samples 
was considered and the revised ranking indicated that, in order of importance, the four spider 
families ranked Theridiidae < Lycosidae < Clubionidae < Linyphiidae (Table 4.8). However, before 
a complete picture of the relative importance of each of the different spider families as predators of 
P. xylostella in this agro-ecosystem can emerge, further detectability half-life studies are needed. 
For example, although neither Oxyopidae nor Tetragnathidae were particularly abundant (Table 
4.5) in foliar samples, 60 % and 40% respectively of sampled individuals were positive for P. 
xylostella mtCO1 DNA (Table 4.5). These data can only be properly interpreted when the 
detectability half-life of the target DNA is determined and compared to that of other families. 
Further, the study did not investigate the detectability half-life of target mtCO1 DNA in any insect 
predators, due largely to their low abundance relative to spiders (Tables 4.5, 4.6 and 4.7). 
Nevertheless, some of these are likely to make significant contributions to P. xylostella predation 
and this requires further investigation.  For example, H. variegata was abundant in foliar samples 
(Table 4.6), although the proportion of the sampled population positive for P. xylostella mtCO1 
DNA (3.4%) was low (Table 4.6). Previous work has shown that the detectability half-life of P. 
xylostella DNA in this organism is very short (Hosseini et al., 2008) and this needs to be 
determined for the specific P. xylostella mtCO1 DNA sequences used in this study in order to fully 
assess its contribution. Similarly, two species of Staphylinidae were consistently positive for P. 
xylostella and/or C. pavonana mtCO1 DNA but the detectability half-lives were not determined. 
Staphylinidae are often identified as important predators of insect pests but to date there have been 
no published reports of their detectability half-life of DNA of any prey in these organisms 
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(Greenstone et al., 2014) and as such, despite the high incidence of prey DNA detection in the 
study, it is not possible to speculate on their overall importance. 
Most predator species recorded in this study are considered to be generalist predators.  As 
such two issues must be considered. First, it is possible that not all positive detections of target prey 
DNA represent true predation events. Many generalist predators may prey on other predators 
(Rosenheim et al., 1993; Rosenheim et al., 1995; Gagnon et al., 2011) and many are cannibalistic 
(Polis & McCormick, 1987; Takizawa & Snyder, 2011); thus intraguild predation cannot be 
discounted as the source of some of the positive detections recorded in this study. Current DNA-
based methods do not allow such events to be distinguished from true predation, but other 
molecular approaches, such as monoclonal antibody ELISA and immuno-marking (see Furlong et 
al., 2014), can be tailored to investigate these phenomena and could be considered for future work. 
Second, even generalist predators typically express prey preferences (Thompson, 1951; Riechert, 
1991; Uetz, 1992; Symondson et al., 2002). Although there were differences between the 
proportions of foliar and ground-dwelling predators that tested positive for P. xylostella, C. 
pavonana and P. rapae mtCO1 DNA (Tables 4.4, 4.5 and 4.6), there was no clear evidence for prey 
preference by the generalist predators in this study. However, these data cannot be used to dismiss 
the possibility of prey preference in the predators studied as the field densities of the different target 
prey were very different throughout the study and population densities of P. xylostella were much 
higher than those of C. pavonana and P. rapae (Fig. 4.2). Most groups of foliar-dwelling spiders 
collected during the P. xylostella cage experiments contained at least one individual positive for P. 
xylostella mtCO1 DNA, while C. pavonana mtCO1 DNA was only detected in the guts of 
Lycosidae, Theridiidae and Salticidae and P. rapae mtCO1 DNA was only detected in the guts of 
Theridiidae and Linyphiidae (Tables 4.6, 4.7 and 4.8). Gut-contents analysis of ground dwelling 
predators collected during the experiment show that Lycosidae and Staphylinidae prey on P. 
xylostella, but as discussed above, the importance of the latter cannot be confirmed without further 
investigation. Most of the predators that contained C. pavonana mtCO1 DNA (Lycosidae, 
Salticidae, Staphylinidae, Miridae and Labiduridae) are generally considered to be active predators 
whereas others (Theridiidae and Linyphiidae) mostly adopt asit and wait strategy (Chapman et al., 
2013; Harwood et al., 2004; Nyffeler, 1999). It seems likely that some at least of the C. pavonana 
DNA records from ground-dwelling predators would have probably resulted from predation while 
larvae were seeking cocooning site. These active predators were presumably able to locate the low 
and scattered population of C. pavonana in the field. 
Although the P. rapae population was higher than that of C. pavonana, it did not reach the 
economic threshold (1, 0.5 and 4 standard insect/plant in precupping, cupping, and heading stage 
respectively) suggested by Hamilton et al. (2009) for North Korea and the incidence of P. rapae 
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mtCO1 DNA in predators was lower than that for either P. xylostella or C. pavonana (Tables 4.5, 
4.6 and 4.7). This is possibly due to the size of P. rapae larvae which, at any given instar, are larger 
than the two other target pests studied, and the effects of oil droplets that are secreted from 
glandular dorsal setae as a defence mechanism against predators and parasitoids (Smedley et al., 
2002; Shiojiri & Takabayashi, 2005). Higher levels of predation on small-bodied prey items 
compared with larger prey items have been reported previously, for example, in no-choice 
experiments, Nabis kinbergii (Hemiptera: Nabidae) fed more on both eggs and larvae of P. 
xylostella than on those of P. rapae (Ma et al., 2005) and Lin et al., (2006) reported that 
Erigonidium graminicolum (Araneae: Linyphiidae) preferred third instar P. xylostella larvae over 
both smaller first instar P. rapae larvae and second instar P. rapae larvae that were of comparable 
size. 
This study provides evidence that endemic natural enemies can suppress P. xylostella pest 
populations in spring in southeastern Queensland. Life tables built for experimental pest cohorts 
demonstrate the importance of predation relative to other mortality factors, particularly other biotic 
agents such as larval parasitoids. Gut-contents analysis of predators indicates that a complex of 
predatory arthropods, particularly spiders, acts in unison to decrease the pest population. Although 
no single predator species was identified as being particularly important, based on the adjusted 
incidence of P. xylostella mtCO1 DNA detection in field collected predators and their relative 
abundance, Linyphiidae and Clubionidae appear to be particularly important predators of P. 
xylostella in this agro-ecosystem. Provision of suitable habitat for these organisms in the agro-
ecosystem is likely to be a sound approach to pest management as it will encourage the persistence 
of a predator complex that can provide the essential ecosystem services required to suppress the 
pest. 
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Chapter 5: Combining ecological and DNA-based molecular methods to investigate predation 
of Crocidolomia pavonana in southeastern Queensland, Australia 
 
5.1 Introduction 
Crocidolomia pavonana F. (Lepidoptera: Crambidae) is widely distributed throughout 
south, west, and east Africa, Madagascar, India, southeast Asia, the south Pacific, Guam, and 
Queensland, Australia (CAB, 1979; Waterhouse, 1997). Before the advent of widespread synthetic 
insecticide use it was considered the major Brassica pest in the Old World (Ankersmit, 1953; 
Waterhouse & Norris, 1987), but since the use of these compounds has become commonplace the 
pest status of C. pavonana has declined (Ankersmit, 1953; Waterhouse & Norris, 1987). The 
detrimental effects of using broad-spectrum insecticides against the diamondback moth, Plutella 
xylostella L. (Lepidoptera: Plutellidae) are well documented (e.g. Furlong et al., 2013) and the pest 
resurgence problems that result, together with the high incidence of resistance to these compounds 
in P. xylostella has captured much research attention. Consequently, C. pavonana has received 
relatively little research attention (Smyth et al., 2003a) and the studies that have been undertaken 
have focused principally on pest biology (Morallo-Rejesus & Navasero-Ward, 2003; Kalshoven, 
1981; Takeuchi et al., 2009) and host-plant relationships (Smyth et al., 2003a, b).  
Biological studies of C. pavonana have demonstrated its potential seriousness due to the 
capability of an individual larva to damage the apical meristem of plants, which can result in 
complete destruction of the plant (Peter et al., 1988). This causes farmers to adopt a conservative 
management approach, which often results in the intensive use of synthetic insecticides. Unlike P. 
xylostella, which has effective parasitoids (e.g. Diadegma semiclausum Hellén (Hymenoptera: 
Ichneumonidae)) (Furlong et al., 2013), only a limited number of parasitoids of C. pavonana have 
been recorded (Waterhouse & Norris, 1987; Morallo-Rejesus & Navasero-Ward, 2003). Despite 
recent work in Samoa which reports that the egg parasitoid Trichogramma chilonis Ishii 
(Hymenoptera: Trichogrammatidae) can be very effective at suppressing local C. pavonana 
populations (Uelese et al., 2014), parasitoids recorded attacking the pest typically only achieve low 
parasitism rates (≤ 11%) (Waterhouse & Norris, 1987; Sastrosiswojo & Setiawati, 1992; Saucke et 
al., 2000). This lack of natural enemies has also driven the widespread use of insecticides to control 
C. pavonana. In order to achieve sustainable pest management of Brassica pests, harmonious 
management strategies for C. pavonana and P. xylostella are essential (Smyth et al., 2003a) and it is 
of particular importance that insecticides used to manage C. pavonana do not disrupt effective 
natural enemies of P. xylostella such as D. semiclausum (Furlong et al., 2013). 
Despite the knowledge that the predatory arthropod fauna in agricultural systems can 
suppress pest populations (Symondson et al., 2002), the study of C. pavonana predation is limited 
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and field studies have typically focused on parasitoid rather than predatory fauna (e.g. Saucke et al., 
2000; Uelese et al., 2014). However, predators have been suggested as major determinants of C. 
pavonana mortality in Indonesia (Sastrosiswojo & Setiawati, 1992; Shepard & Schellhorn, 1997), 
although their impact has not been measured and the identity of important predatory species within 
the potential predator complex is yet to be determined.   
In the Brassica crop agro-ecosystem in Queensland, Australia, populations of the tropical 
and subtropical pest C. pavonana are highest during the early part of the crop season, between 
February and May, when temperatures are highest (Furlong et al., 2014). The role of the predatory 
arthropod fauna in suppressing this pest at this time has been demonstrated (Furlong et al., 2014) 
and more than half of an experimental C. pavonana cohort was lost to predation during the field. 
Molecular gut-contents analysis has indicated the possibility that spiders, particularly Lycosidae, 
could be important predators of C. pavonana, but the relative importance of different spider families 
and the contribution made by insect predators still need to be determined.  
In order to make informed pest management decisions for the utilization of natural enemies 
in the field, quantification of the impact of natural enemies on the target pest population (Furlong & 
Zalucki, 2010) and determination of the key mortality factors acting of the pest population, for 
example through of life table construction (Bellows et al., 1992; Bellows & van Driesche, 1999), is 
essential. As predators often leave no remains of their prey, attributing mortality to a given group of 
predators is difficult without the means to detect evidence of specific predation events. Advances in 
DNA-based gut-contents analysis of predators provide a method that can be used to detect predation 
events in the field, without interfering with agro-ecosystem processes (Stuart & Greenstone, 1990; 
Symondson, 2002). In order to better understand predation of C. pavonana in Queensland, this 
study incorporated an ecological approach, in which pest populations were studied in the presence 
and absence of predatory arthropods, with a molecular approach based on gut-contents analysis of 
predators to identify the ecologically important predator groups feeding on C. pavonana 
populations in the Lockyer Valley, Queensland. 
 
5.2 Material and methods 
5.2.1 Field site, experimental plants  
All field studies were conducted at the Gatton Research Facility (GRF) (27
o
33'S, 152
o
18' 
E), Gatton, Queensland, Australia between March and June 2012. 
Brassica oleracea var. capitata cv. Warrior was chosen as the study crop as this cultivar is 
commonly grown in the region. Two experimental plots, each 500 m
2
 were prepared as described 
for other field studies (Chapter 4, section 4.2.1). Seedlings were planted into 7 x 50 m raised (0.15 
m) beds that were 1 m wide and contained two rows of plants; seedlings within a row were spaced 
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0.5 m apart and rows within a bed were separated by 0.7 m, adjacent beds were separated by 0.5 m 
and ran north-south. Seedlings were planted on 7 March 2012; no insecticide was applied to the 
crop. The experimental plots were surrounded by bare cultivated soil to the east and west and by 
gravel roads to the north and south. 
For natural enemy exclusion experiments sentinel plants were produced by transplanting 
30 B. oleracea var. capitata cv. Warrior seedlings individually into 20 cm diameter pots containing 
organic potting mix supplemented by slow-release fertilizer (Osmocote, NPK ratio 16: 3.5: 10; 
Scotts, Marysville, OH, USA). Potted cabbages were grown under ambient temperature and 
photoperiod conditions in a glasshouse and they were watered daily. Seedlings were grown to the 9-
12 true leaf stage, defined as stage-4 (Andaloro et al., 1983), for use in experiments. 
 
5.2.2 Insects 
A culture of Crocidolomia pavonana was established from field-collected larvae and 
cultured as described by Takeuchi et al. (2009). Larvae were cultured in ventilated plastic boxes (40 
x 25 x 10 cm) lined with paper towel and supplied with freshly excised cabbage leaves as required. 
Late fourth instar larvae were collected from the containers and transferred to smaller plastic boxes 
(15 x 10 x 5 cm) filled to a depth of 3 cm with vermiculite as a pupation substrate; pupae were 
collected from the substrate 5 days later by carefully searching through the vermiculite for pupal 
cells, which were transferred to Petri dishes (9 cm diameter) and stored at 25 C with a L12:D12 
photoperiod. Prior to eclosion, pupae were transferred to a rearing cage (45 x 45 x 45 cm) 
containing a cabbage plant (3-5 weeks post-transplanting, at the 5-12 leaf stage) as an oviposition 
substrate and a dental wick soaked in aqueous honey solution (10% wt ⁄ vol) as an adult food source 
in a temperature-controlled room (25 ± 2 °C, with a L12:D12 photoperiod). In order to maintain the 
culture, plants were exposed to oviposition for 2-3 days and then egg masses were excised and 
either stored in a Petri dish (5 cm diameter) with moistened filter paper at 15 ± 2 °C with a L12:D12 
photoperiod or placed in a culture box to hatch and provided with excised cabbage leaves as food 
for the hatched larvae. 
To obtain C. pavonana eggs for field experiments, four potted cabbage plants were placed 
into a mesh oviposition cage (45 x 45 x 45 cm) in the laboratory and exposed to approximately 25 
pairs of recently emerged C. pavonana for two days. The egg masses laid on the plants were then 
removed by cutting away the surrounding leaf tissue, each egg mass was then photographed using a 
digital camera (Nikon D90), images were downloaded to a computer and the number of eggs in 
each egg mass was counted and recorded. The egg masses were then grouped by number of eggs 
and sequentially allocated to each of the two cage treatments (see Section 5.2.3) to ensure that each 
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contained egg masses of a similar number of eggs and range. The egg masses were then attached to 
the lower surface of leaf-3 of stage-4 potted cabbage plants using insect pins (3 cm). 
 
5.2.3 The impact of natural enemies on field populations of C. pavonana 
The impact of natural enemies on C. pavonana cohorts in the field was assessed by 
comparing the survivorship of C. pavonana (egg-fourth instar) developing on plants within natural 
enemy exclusion cages with the survivorship of C. pavonana developing on plants within open 
cages to which natural enemies had unimpeded access (to follow the methods described in Furlong 
et al., 2004a, b, 2008b). Two field studies were conducted, the first from 12 April to 6 May 2012 
and the second from 4 May to 8 June 2012. Natural enemy exclusion cages and open cages were 
constructed as described previously for P. xylostella experiments (Chapter 4, section 4.2.3). 
Similarly, 12 cages of each design were used in each experiment and they were allocated to 
positions in the field as described previously (Chapter 4, section 4.2.3). A potted cabbage plant 
supporting a single C. pavonana egg mass containing a known number of eggs (see Section 5.2.2) 
was placed inside each cage. In the exclusion cages, potted plants were placed at the bottom of the 
nylon mesh sleeve and carefully buried to make sure that the sleeve stayed firmly between the soil 
and pot. Three bamboo stakes placed against the edges of each cage were used to secure the cages 
in position. In the open cages, potted plants were positioned in centre of the base of the cage and 
carefully covered by soil to ensure that there were no gaps between the top of the pot and the soil 
surface.  
The C. pavonana cohorts within the cages were examined every 2-3 days and the number 
of individuals surviving in each cohort and their stage of development was recorded. The 
experiments were terminated when most of the insects reached the late fourth instar stage. Plants 
were removed from the field and insects collected and incubated as described previously for P. 
xylostella (Chapter 4, section 4.2.3). Adult emergence and parasitism rates were then recorded. 
Using the stage specific survivorship data that was collected throughout the experiment, the number 
of fourth instar larvae collected from each plant, post-collection parasitoid emerges and other post-
collection mortality rates, life tables for C. pavonana cohorts in the presence and absence of natural 
enemies were then constructed following the methods previously described by Furlong et al. 
(2004b).  
 
5.2.4 Recruitment and survivorship of cohorts arising from naturally laid eggs of C. pavonana 
in the field  
Field cohorts of C. pavonana were studied from 20 March to 10 April 2012 and from 12 
April to 6 May 2012. Naturally laid C. pavonana egg masses were recorded by observing the 
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number of eggs laid on randomly selected cabbage plants in the experimental plot. When an egg 
mass was found, the leaf tissue next to it was marked using a marker pen, its position on the plant 
was recorded and it was photographed using a digital camera (the number of eggs in each egg mass 
was subsequently determined after downloading the images to a computer). The plants where 
recorded egg masses were laid were tagged using labelled bamboo stakes to facilitate subsequent 
observation. In the first experiment, 10 egg masses on separate plants were discovered and 
monitored and in the second experiment 13 egg masses on separate plants were discovered and 
monitored. The number of C. pavonana surviving on the marked plants was recorded every two-
three days; each cohort was studied in this manner until individuals developed into late fourth instar 
larvae. The C. pavonana larvae were then collected in the same manner as described for C. 
pavonana in the exclusion experiment. Life tables for C. pavonana natural cohorts were then built 
based on these survival data.  
 
5.2.5 Environmental conditions and background field densities of pests and ground-dwelling 
predators during experiments 
Throughout the experiments to measure natural enemy impact on C. pavonana 
populations, temperature and rainfall data were collected daily at the GRF meteorological station 
and the number of pest insects on 30 randomly selected plants within the field plot was recorded in 
every week from 20 March to 15 May 2012. Diversity and population density of ground-dwelling 
predators were recorded based on the individuals trapped in the pitfall traps. Additionally, six pitfall 
trap samplings were conducted in this study using same trap construction, field arrangement and 
collection processes as described in Chapter 3, but in this study 40 traps were used. Four 
preservative solutions were used: 1% aqueous detergent, 96% ethanol, ethylene glycol and 
propylene glycol (1, 2, - propanediol). Pitfall traps were set up on 10 April 2012 and emptied every 
4-7 days (16 April, 23 April, 27 April, 1 May, 8 May, 15 May, 22 May and 28 May 2012) for a 
period of 5-6 weeks. The number and diversity of predators at each sample interval was determined 
by pooling catches in traps across all four collecting media.  
 
5.2.6 Predator collection: destructive sampling of plants and pitfall trapping  
Predators for gut-contents analysis were collected by the destructive sampling of plants and 
intensive pitfall trapping. Thirty plants were destructively sampled on 17, 24 April, 1 May 2012 
(during the period of first cage experiment) and on 8, 15 and 22 May 2012 (during the period of 
second cage experiment) as previously described (see Chapter 4, section 4.2.6.1). During the second 
natural enemy exclusion study, three days of intensive pitfall trap sampling were conducted (16-19 
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April 2012), and predators collected, identified and stored as previously described (Chapter 4, 
section 4.2.6.2).  
5.2.7 Gut-contents analysis of predators 
DNA of predators collected by destructive sampling and pitfall trapping during the cage 
experiments was extracted following the CTAB protocol (Chapter 2, section 2.2.1.2) and amplified 
in single PCR using primers DBMA1S and DBMA2A for targeting P. xylostella DNA and 
multiplex PCR with primers CPAV1S-, CPAV2A-, and PRAP1A for targeting C. pavonana and 
Pieris rapae L. (Lepidoptera: Pieridae) DNA. A modified condition for species-specific 
amplifications developed by Furlong et al. (2014) was employed to amplify DNA of predator 
samples (See Chapter 2, Table 2.3). One P. xylostella positive control, 1 P. xylostella fed predator 
control, 1 starved predator control, and 1 no-DNA control were included in each single PCR 
reaction. While in each multiplex PCR, 1 C. pavonana, 1 P. rapae positive control, 1 C. pavonana 
fed predator control, 1 P. rapae fed predator control, 1 starved predator control, and 1 negative 
control were also tested. In addition, the amplifiability of DNA samples was tested in control PCR 
using universal primers. Amplified DNA was visualized by electrophoresis of 2 μl of the PCR/Stop 
reaction in 1 % agarose (Gibco, Grand Island, New York, USA) and photographed using UV 
illuminator machine. 
5.2.8 Ranking of spiders that consumed C. pavonana based on incidence of positive field 
collected arthropods and estimated detectability half-lives  
Four families of spider that prey on C. pavonana (Clubionidae, Linyphiidae, Lycosidae 
and Theridiidae) were ranked in importance based on the proportion of field-sampled individuals 
that were positive for C. pavonana mtCO1 DNA adjusted by the estimated detectability half-life for 
C. pavonana mtCO1 DNA in each predator group (Greenstone et al., 2010). For the Theridiidae and 
Lycosidae, the detectability half-life for C. pavonana mtCO1 DNA in predator guts was empirically 
measured (Chapter 2, Table 2.4) but for Clubionidae and Linyphiidae the detectability half-life for 
C. pavonana mtCO1 DNA was estimated based on the detectability half-life for P. xylostella 
mtCO1 DNA in these predators and the relationship between the detectability half-lives of P. 
xylostella and C. pavonana mtCO1 DNA in the guts of Lycosidae and Theridiidae (Chapter 2, 
Table 2.4). Calculations and assumptions are summarised in Table 5.1. The incidence of positive 
predators collected was then used to determine the corresponding time since feeding from the logit-
regression model (Chapter 2, Table 2.5) (Greenstone et al., 2010). This was then entered into the 
logit-regression model for Lycosidae (the spider family with an intermediate detectability half life 
for P. xylostella DNA) for the relevant prey type (Chapter 2, Table 2.5) to determine the adjusted 
incidence and rank predators (Greenstone et al., 2010). 
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Table 5.1 Estimates of C. pavonana mtCO1 DNA detectability half-lives in selected predators 
based on empirical measurements of the detectability half-life of C. pavonana mtCO1 DNA in 
Lycosidae and Theridiidae and empirical measurements of the detectability half-lives of P. 
xylostella mtCO1 DNA in a range of predators. 
  C. pavonana mtCO1 DNA detectability half-life estimate (h) 
Prey DNA Predator Measured
1
 Theridiidae-based
2
  Lycosidae-based
3
 
P. xylostella mtCO1 Clubionidae 18 - - 
 Linyphiidae 54 - - 
 Lycosidae 57 - - 
 Theridiidae 160 - - 
     
C. pavonana mtCO1 Clubionidae - 27 33 
 Linyphiidae - 81 100 
 Lycosidae 105 - - 
 Theridiidae 240 - - 
1 
Empirically measured detectability half-lives (DHL) for P. xylostella mtCO1 DNA and C. 
pavonana mtCO1 DNA in selected predators (see Chapter 2; Table 2.4). 
2
Theridiidae-based estimates determined by adjusting the measured DHL for C. pavonana mtCO1 
DNA in Theridiidae by the following ratios: 
DHL P. xylostella mtCO1 DNA in Clubionidae: DHL P. xylostella mtCO1 DNA in Theridiidae 
(=1: 8.88) 
DHL P. xylostella mtCO1 DNA in Linyphiidae: DHL P. xylostella mtCO1 DNA in Theridiidae 
(=1: 2.96) 
3
Lycosidae-based estimates determined by adjusting the measured DHL for C. pavonana mtCO1 
DNA in Lycosidae by the following ratios: 
DHL P. xylostella mtCO1 DNA in Clubionidae: DHL P. xylostella mtCO1 DNA in Lycosidae 
(=1: 3.16) 
DHL P. xylostella mtCO1 DNA in Linyphiidae: DHL P. xylostella mtCO1 DNA in Lycosidae (=1: 
1.05) 
 
 
5.2.9 Statistical analysis 
Proportional data representing recovery rates, survival to adulthood, parasitism rates and 
post collection mortality rates were subjected to angular transformation and analysis by t-tests (SAS 
Institute 1999). 
 
5.3 Results 
5.3.1 The impact of natural enemies on field populations of C. pavonana 
The proportion of C. pavonana recovered from natural enemy exclusion cages was 
significantly greater than the proportion recovered from open cages in the first (t = 5.47, P < 0.001; 
Fig. 5.1A) and second experiments (t = 3.518, P < 0.002; Fig. 5.1B) respectively. Similarly, the 
proportion of the experimental cohorts that survived to adulthood was significantly greater in 
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natural enemy exclusion cages than in open cages in the both the first (t = 4.23, P < 0.003; Fig. 
5.1A) and the second (t = 3.36, P < 0.003; Fig. 5.1B) experiments.  
In the first experiment, mortality suffered by eggs and first instar larvae was greater in the 
presence of natural enemies (marginal mortality rates = 0.38 and 0.27 respectively; Table 5.2) than 
in the absence of natural enemies (marginal mortality rates = 0.09 and 0.06 respectively; Table 5.2). 
Similarly, third instar mortality was greater in the presence of natural enemies (marginal mortality 
rate = 0.30; Table 5.2) than in their absence (marginal mortality rate = 0.03; Table 5.2). Mortality of 
second and fourth instar larvae was similar in both the presence and absence of natural enemies and 
post-collection pupal mortality was not affected by prior exposure to natural enemies i.e. no larval 
parasitoids were detected (Table 5.2).  In the second experiment, mortality suffered by eggs and 
first instar larvae was again greater in the presence of natural enemies (marginal mortality rates = 
0.60 and 0.29 respectively; Table 5.3) than in the absence of natural enemies (marginal mortality 
rates = 0.19 and 0.12 respectively; Table 5.3). Similarly, in this experiment second instar larvae 
suffered greater mortality in the presence of natural enemies (marginal mortality rate = 0.32; Table 
5.3) than in the absence of natural enemies (marginal mortality rate = 0.08; Table 5.3). Third instar 
larvae suffered very low rates of mortality (Table 5.3). Fourth instar larvae suffered greater 
mortality in the presence of natural enemies (marginal mortality rate = 0.51; Table 5.3) than in their 
absence (marginal mortality rate = 0.22; Table 5.3) but post-collection pupal mortality was not 
affected by prior exposure to natural enemies (Table 5.3). 
No parasitoids were reared from either the first or the second experimental cohorts (Tables 
5.2 and 5.3). In both experiments, the net reproductive rate (Ro) in the presence of natural enemies 
was considerably lower than Ro in absence of natural enemies (Tables 5.2 and 5.3) 
 
5.3.2 Recruitment and survivorship of cohorts arising from naturally laid eggs of C. pavonana 
in the field 
In the first cohort, 736 eggs (within 10 egg masses) were recruited to the C. pavonana 
population on 10 plants, while in the second cohort, 1084 eggs (within 13 egg masses) were 
recruited on 13 plants. The first cohort suffered significant mortality at all stages (Table 5.4). Egg 
disappearance (marginal mortality = 0.19), parasitism (marginal mortality = 0.09, 0.11, 0.17, and 
0.004 from Eriborus sp., Temalucha sp., Cardochiles s.l. sp. and Tachinidae respectively) and post-
collection mortality (marginal mortality = 0.38) due to unknown causes, caused greatest mortality in 
the first cohort. In the second cohort, egg disappearance was increased (marginal mortality = 0.30), 
parasitism (marginal mortality = 0.03 and 0.003 from Eriborus sp. and Tachinidae respectively) and 
post-collection mortality (marginal mortality = 0.18), were the major causes of death (Table 5.4). Ro 
of the first cohort = 29.6, while in the second cohort it rose to 39.9 (Table 5.4).  
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Fig. 5.1 Mean proportion (± SE) of the experimental cohort of C. pavonana recovered and the mean 
proportion (± SE) surviving to adulthood in the different cage treatments in A. experiment 1, 
conducted from 12 April to 6 May 2012 (recovery t = 5.47, P < 0.0001 and survivorship t = 4.23, P 
= 0.0003) and B. experiment 2, conducted from 4 May to 8 June 2012 (recovery t = 3.52, P = 0.002 
and survivorship t = 3.36, P = 0.003). 
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Fig. 5.2 Mean (± SE) survivorship of C. pavonana over time in natural enemy exclusion and open cage treatments in A. the first (12 April-6 May 
2012) and B. the second (4 May-June 2012) experiments; C. Rainfall events and maximum and minimum daily temperatures recorded during the 
experimental period. 
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Table 5.2 Life tables for C. pavonana in natural enemy access and natural enemy exclusion cages at GRF, first cage experiment 12 April-6 May 2012. 
Stage 
Natural enemies access to C. pavonana 
 
Natural enemies excluded from C. pavonana 
Mortality 
factor lx dx qx 
Marginal 
mortality 
rate k-value 
 
Mortality 
factor lx dx qx 
Marginal 
mortality rate k-value 
Egg 
 
484 
  
 
   
539 
    
 
Disappearance 184 0.38 0.38 0.21 
 
Disappearance 49 0.09 0.09 0.04 
L1 
 
300 
  
  
  
490 
  
  
 
Disappearance 80 0.27 0.27 0.13 
 
Disappearance 28 0.06 0.06 0.03 
L2 
 
220 
  
  
  
462 
  
  
 
Disappearance 33 0.15 0.15 0.07 
 
Disappearance 42 0.09 0.09 0.04 
L3 
 
187 
  
  
  
420 
  
  
 
Disappearance 56 0.30 0.30 0.15 
 
Disappearance 13 0.03 0.03 0.01 
L4 
 
131 
  
  
  
415 
  
  
 
Mortality 
 
22 0.17 0.17 0.08 
 
Mortality 
 
52 0.13 0.16 0.06 
Pupa 
 
109 
  
  
  
363 
  
  
 
Mortality 
 
13 0.12 0.12 0.05 
 
Mortality 
 
41 0.11 0.11 0.05 
Adult 
 
96 
      
322 
  
 
   Ro= 29.8             Ro= 89.6           
lx= number of individuals entering stage; dx= number of insects killed by a factor in given stage; qx= proportion of individuals observed killed by a factor 
in a stage. Marginal mortality rate= proportion of insects remaining after the operation of an earlier factor in that life stage which are killed by 
given mortality factor. Ro was calculated based on female fecundity of 300 eggs (Sastrosiwojo & Setiawati, 1992) and a sex ratio of 1:1 (Thayib, 1983).  
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Table 5.3 Life tables for C. pavonana in natural enemy access and natural enemy exclusion cages at GRF, second experiment, 4 May- 8 June 2012. 
Stage 
Natural enemies access to C. pavonana 
 
Natural enemies excluded from C. pavonana 
Mortality 
factor lx dx qx 
Marginal 
Mortality rate k-value 
 
Mortality 
factor lx dx qx 
Marginal 
Mortality 
rate k-value 
Egg 
 
658 
      
636 
    
 
Disappearance 
 
397 0.60 0.60 0.40 
 
Disappearance 
 
120 0.19 0.19 0.09 
L1 
 
261 
   
 
  
516 
   
 
 
Disappearance 
 
76 0.29 0.29 0.15 
 
Disappearance 
 
64 0.12 0.12 0.06 
L2 
 
185 
   
 
  
452 
   
 
 
Disappearance 
 
59 0.32 0.32 0.17 
 
Disappearance 
 
35 0.08 0.08 0.03 
L3 
 
126 
   
 
  
417 
   
 
 
Disappearance 
 
0 0 0 0 
 
Disappearance 
 
13 0.03 0.03 0.01 
L4 
 
126 
   
 
  
417 
   
 
 
Mortality 
 
64 0.51 0.51 0.31 
 
Mortality 
 
93 0.22 0.22 0.1 
Pupa 
 
62 
   
 
  
324 
   
 
 
Mortality 
 
6 0.10 0.10 0.04 
 
Mortality 
 
50 0.15 0.15 0.07 
Adult 
 
56 
   
 
  
316 
      Ro=12.8             Ro=74.5           
lx= number of individuals entering stage; dx= number of insects killed by a factor in given stage; qx= proportion of individuals observed killed by a factor 
in a stage. Marginal mortality rate= proportion of insects remaining after the operation of an earlier factor in that life stage which are killed by 
given mortality factor. Ro was calculated based on female fecundity of 300 eggs (Sastrosiwojo & Setiawati, 1992) and a sex ratio of 1:1 (Thayib, 1983).  
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Table 5.4 Life tables for natural cohort of C. pavonana (cohort 1: 20 March-10 April 2012 and 
cohort 2: 12 April-6 May 2012) 
Cohort Stage Mortality factor lx dx qx 
Marginal 
mortality 
rate 
k-
value Ro 
1 Egg  736      
  Disappearance  141 0.19 0.19 0.09  
 L1-L4  595      
  Disappearance  218 0.37 0.37 0.19  
  Eriborus sp.  22 0.04 0.09 0.04  
  Temalucha sp 26 0.04 0.11 0.05  
  Cardiochiles s.l. sp.  39 0.07 0.17 0.08  
  Tachinidae  1 0.002 0.004 0.002  
  Post-collection mortality 144 0.24 0.38 0.21  
 Pupa  145      
  Disappearance  0 0 0 0  
 Adult  145     29.6 
2 Egg  1084      
  Disappearance  324 0.30 0.30 0.15  
 L1-L4  760      
  Disappearance  317 0.29 0.29 0.15  
  Eriborus sp. 13 0.02 0.03 0.01  
  Tachinidae  1 0.001 0.003 0.001  
  Post-collection mortality 80 0.11 0.18 0.09  
 Pupa  349      
  Mortality  60 0.17 0.17 0.08  
 Adult  289     39.9 
lx = number of individuals entering stage; dx= number of insects killed by a factor in given stage; qx = 
proportion of individuals observed killed by a factor in a stage. Marginal mortality rate = proportion 
of insects remaining after the operation of an earlier factor in that life stage which are killed 
by given mortality factor. Ro was calculated based on female fecundity of 300 eggs (Sastrosiwojo & 
Setiawati, 1992) and a sex ratio of 1:1 (Thayib, 1983).  
 
 
5.3.3 Environmental conditions and background field densities of pests and ground-dwelling 
predators during experiments 
Seventeen rainfall events of < 10 mm were recorded during the first month of the 
experiments; these were followed by three rainfall events of 20-35 mm and a single event of < 10 
mm towards the end of first natural enemy exclusion experiment (Fig. 5.2). In the second natural 
enemy exclusion experiment three rainfall events of < 10 mm were recorded towards the end of the 
experiment (Fig. 5.2). Temperatures fluctuated during the study and gradually declined as winter 
approached (Fig. 5.2). 
Thirty sample plants were observed weekly to understand the density of the pest 
population in the field. The density of C. pavonana ranged from 0 larvae per plant in the early 
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season to 77.4 larvae per plant by mid-May (Fig. 5.3). The densities of P. xylostella and P. rapae 
ranged between 0 and 0.1 and 0 and 0.6 larvae per plant respectively during this period (Fig. 5.3). 
 
 
 
Fig. 5.3 A. Mean numbers of pest larvae per day of observation per plant (± SE) (March to May 
2012), B. Mean number of foliar-dwelling predators per plant per day (± SE) collected during 
destructive sampling, the number of predators per plant did not increase significantly over time 
(F5,174 = 1.4; P = 0.23). 
 
The most abundant ground-dwelling insects collected in pitfall traps were an unidentified 
species of Nitidulidae (n = 176) followed by Labidura truncata (n = 147) and ants (n = 83) (Table 
5.5). Spiders collected in pitfall traps were dominated by Lycosidae (n = 100) and Linyphiidae (n = 
49) (Table 5.5). The mean number of predators collected during destructive sampling of plants did 
not increase over time (F5,174 = 1.4; P = 0.23) (Fig. 5.3). Spiders (including Araneidae, Clubionidae, 
Lycosidae, Linyphiidae, Oxyopidae, Salticidae, Theridiidae, and unidentified individuals) were the 
major group of predators collected by the destructive sampling of 30 plants and together they 
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accounted for 66% of the total number of predators collected (n = 289; Tables 5.6 and 5.7). The 
most abundant spiders collected from foliage were the Theridiidae (n = 69; 36% of spiders and 24% 
of all predators; Tables 5.6 and 5.7). Clubionidae, Lycosidae and Linyphiidae were collected from 
foliage in similar numbers (n = 28, 32 and 34 respectively; Table 5.6) while Araneidae (n = 13), 
Salticidae (n = 11) and Oxyopidae (n = 3) were collected in lower numbers (Table 5.6). The most 
abundant predatory insects collected from plants were a mirids, Deraeocoris sp. (n = 46; 47% of 98 
individual insect collected), a coccinellid, Hippodamia variegata (n = 18; 18% of insects) and a 
hemerobiid, Micromus sp. (n = 10; 10% of insects), while Staphylinidae were collected in lower 
numbers (Table 5.7).  
 
Table 5.5 Total numbers of ground-dwelling arthropods collected in 40 traps during the natural 
enemy exclusion experiments  
Arthropod family 
Sample interval 
Total 1 2 3 4 5 6 7 8 
Araneae 
        
 
Araneidae 1 0 0 0 0 3 0 2 6 
Gnaphosidae 0 1 0 0 8 0 0 0 9 
Linyphiidae  2 18 14 3 5 1 1 5 49 
Lycosidae 16 12 25 5 9 7 13 13 100 
Salticidae  0 0 1 0 0 2 2 1 6 
Coleoptera 
        
 
Carabidae  0 1 0 2 0 0 1 0 4 
Nitidulidae 0 13 6 0 104 29 18 6 176 
Staphylinidae  2 8 16 2 16 4 5 1 54 
Dermaptera 
        
 
Labidura truncata 49 28 20 14 6 15 8 7 147 
Nala lividipes 2 9 2 1 1 2 0 0 17 
Formicidae  3 4 2 2 5 7 7 53 83 
Hemiptera 
        
 
Miridae 0 0 1 0 2 3 1 0 7 
Total number per week  75 94 87 29 156 73 56 88 - 
Total number per day 12.5 13.4 21.8 7.3 22.3 10.4 8 14.7 - 
Pitfall traps were set up on 10 April 2012 and emptied every 4-7 days (Sample 1: 10-16 April; Sample 
2: 16-23 April, Sample 3: 23-27 April, Sample 4:27-1 May, Sample 5:1- 8 May, Sample 6: 8-15 May, 
Sample 7: 15-22 May and Sample 8: 22-28 May 2012 ) 
 
5.3.4 Gut-contents analysis of predators 
In this experiment, gut samples from all predators collected from pitfall traps and destructive 
sampling were tested for the primer of C. pavonana mtCO1 DNA. DNA was detected in > 20% of 
spiders tested from all families collected except the Oxyopidae and an unidentified Araneae, none 
of which were positive for C. pavonana mtCO1 DNA (Table 5.6). Based on the proportion of 
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predators from each family that were positive for C. pavonana mtCO1 DNA, they could be ranked 
Oxyopidae < Theridiidae = Linyphiidae < Clubionidae < Lycosidae = Araneidae (Table 5.6). 
Plutella xylostella mtCO1 DNA was detected at low incidence in Theridiidae and in one of the three 
Salticidae collected, but it was not detected in any of the other spider families (Table 5.6). Similarly 
only Araneidae, Theridiidae and Clubionidae contained P. rapae mtCO1 DNA, but the incidences 
were low (Table 5.6).  
The most abundant predatory insect collected during destructive sampling of plants was 
Deraeocoris sp., followed by Hippodamia variegata Goeze, Micromus sp., small numbers of Nala 
lividipes (Dufour) (Dermaptera: Labiduridae) and two species of unidentified Staphylinidae (Table 
5.7). Of the Deraeocoris sp. collected, 17.4% contained C. pavonana mtCO1 DNA and 8.7% 
contained P. rapae mtCO1 DNA, but none contained P. xylostella mtCO1 DNA. Ninety percent of 
the Micromus sp. contained pest DNA (30% contained C. pavonana mtCO1 DNA and 60% 
contained P. rapae mtCO1 DNA) but none of the H. variegata contained mtCO1 DNA of any of 
the three target pest species (Table 5.7). Of the nine Staphylinidae collected, one was positive for C. 
pavonana mtCO1 DNA while seven were positive for P. rapae mtCO1 DNA and two of the seven 
unidentified species of Coleoptera collected were positive for pest DNA, one contained P. xylostella 
mtCO1 DNA and the other C. pavonana mtCO1 DNA (Table 5.7).  
Labidura truncata, Lycosidae, Linyphiidae, Staphylinidae and two species of Formicidae 
(a Ponerinae species and Myrmecina sp.) were the most abundant predatory arthropods in the pitfall 
traps that sampled epigeal arthropods during the cage experiments (Table 5.8). Labidura truncata 
was positive for all three target prey, one contained P. xylostella mtCO1 DNA, two contained C. 
pavonana mtCO1 DNA and four contained P. rapae mtCO1 DNA, but none contained DNA of 
more than one prey type (Table 5.8). Of the 14 Lycosidae collected in pitfall traps, one contained P. 
xylostella mtCO1 DNA, six contained C. pavonana mtCO1 DNA and one contained DNA of both 
species (Table 5.8); one of the three Gnaphosidae and one of the three Salticidae collected 
contained P. xylostella mtCO1 DNA, but none of the 11 Linyphiidae collected contained prey DNA 
of any type (Table 5.8). Similarly, none of the Formicidae collected contained prey mtCO1 DNA 
but six of the seven unidentified Staphylinidae were positive for either P. xylostella mtCO1 DNA 
(three of four individuals of Staphylinidae 2 collected) or C. pavonana mtCO1 DNA (all three 
Staphylinidae 1 collected) (Table 5.8).  
 
  
 
89 
 
Table 5.6 Total number of foliar-dwelling spiders collected using destructive sampling during the period of first and second cage experiments (in April 
– May 2012) and the percentage that contained target prey DNA (DBM = P. xylostella mtCO1 DNA; LCM = C. pavonana mtCO1 DNA; and P. rapae 
= P. rapae mtCO1 DNA). 
Family of spiders 
First cage experiment 
 
Second cage experiment 
 
Combined
1
 
No. of 
spiders 
collected 
Percentage of spiders 
containing DNA of... 
 
No. of  
spiders 
collected 
Percentage of spiders 
containing DNA of... 
 
No. of 
spiders 
collected 
Percentage of spiders 
containing DNA of... 
DBM LCM P. rapae 
 
DBM LCM P. rapae 
 
DBM LCM P. rapae 
Araneidae 9 0 44 11 
 
4 0 25 0 
 
13 0 39 8 
Clubionidae 12 0 17 0 
 
16 0 31 6 
 
28 0 25 4 
Lycosidae 16 0 50 0 
 
16 0 25 0 
 
32 0 38 0 
Linyphiidae 22 0 23 0 
 
12 0 17 0 
 
34 0 21 0 
Oxyopidae 0 0 0 0 
 
3 33 0 0 
 
3 33 0 0 
Salticidae 6 0 83 0 
 
5 0 40 0 
 
11 0 64 0 
Theridiidae 15 0 13 7 
 
54 2 22 4 
 
69 1 20 4 
Unidentified Araneae 1 0 0 0 
 
0 0 0 0 
 
1 0 0 0 
Total number of 
spiders 81 
    
110 
    
191 
   1 No predators contained more than one type of prey DNA 
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Table 5.7 Total numbers of foliar-dwelling predatory insects collected using destructive sampling during the period of first and second cage 
experiments and the percentage that contained target prey DNA (DBM = P. xylostella mtCO1 DNA; LCM = C. pavonana mtCO1 DNA; and P. rapae 
= P. rapae mtCO1). 
Insect order / family 
First cage experiment 
 
Second cage experiment 
 
Combined
1
 
No. of 
insects 
collected 
Percentage of insects 
containing DNA of... 
 
No. of 
insects 
collected 
Percentage of insects 
containing DNA of... 
 
No. of 
insects 
collected 
Percentage of insects 
containing DNA of... 
DBM LCM P. rapae 
 
DBM LCM P. rapae 
 
DBM LCM P. rapae 
Dermaptera 
              Nala lividipes 3 0 33 67 
 
2 0 0 50 
 
5 0 20 60 
Neuroptera 
              Micromus sp 3 0 67 0 
 
7 0 14 86 
 
10 0 30 60 
Formicidae 0 0 0 0 
 
2 0 50 0 
 
2 0 50 0 
Hemiptera 
              Deraeocoris sp. 21 0 33 10 
 
25 0 4 8 
 
46 0 17 9 
Pentatomidae 0 0 0 0 
 
1 0 0 0 
 
1 0 0 0 
Coleoptera 
              H. variegata 2 0 0 0 
 
16 0 0 0 
 
18 0 0 0 
Staphylinidae A 3 0 100 0 
 
0 0 0 0 
 
3 0 100 0 
Staphylinidae B 4 25 50 0 
 
2 0 100 0 
 
6 17 67 0 
Total number of 
predatory insects 56 
    
55 
    
91 
   1No predators contained more than one type of prey DNA 
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Table 5.8 Total number of ground-dwelling predators collected in pitfall traps during the period of 
the second cage experiment and the percentage of those predators containing target prey DNA 
(DBM = P. xylostella mtCO1 DNA; LCM = C. pavonana mtCO1 DNA; and P. rapae = P. rapae 
mtCO1 DNA)  
Family/Genus/Species 
of Predators 
No. of 
predators 
collected 
Percentage of predators containing DNA of... 
DBM LCM 
P. 
rapae 
DBM and 
LCM 
DBM and                     
P. rapae 
Spiders 
      
Gnaphosidae               3      33       0 0              0              0 
Lycosidae 14 8 46 0 8 0 
Salticidae 3 33 0 0 0 0 
Linyphiidae  11 0 0 0 0 0 
Total number of spiders 31 
     
 
      
Insects 
      
Dermaptera 
      
Labidura truncata 20 5 10 20 0 0 
Nala lividipes 1 0 0 0 0 0 
Formicidae 
      Ponerinae 4 0 0 0 0 0 
Myrmecina 4 0 0 0 0 0 
Hemiptera 
      Miridae 1 0 0 0 0 0 
Coleoptera 
      Staphylinidae 1 3 0 100 0 0 0 
Staphylinidae 2 4 50 0 0 0 0 
Total number of insects 37 
     Total predators 68 
     
Only data from predators from which DNA could be extracted and amplified (Section 5.2.7) is shown. 
DNA could not be extracted from 12 of the 32 Labidura truncata samples collected. Gut-contents analysis 
of the unidentified species of Nitidulidae collected (n=84) showed that they contained P. xylostella 
mtCO1 DNA (1.2% of Nitidulidae collected), C. pavonana mtCO1 DNA (67.9% of Nitidulidae 
collected), P. rapae mtCO1 DNA (10.7% of Nitidulidae collected) or both P. xylostella mtCO1 DNA and 
P. rapae mtCO1 DNA (1.2% of Nitidulidae collected). These data are not included in the table as 
Nitidulidae are principally scavengers (Skalbeck (1976) cit. in Blackmer, 1991) 
 
5.3.5 Ranking of spiders that consumed C. pavonana based on incidence of positive field 
collected arthropods and estimated detectability half-lives  
Detectability half-lives for target C. pavonana mtCO1 DNA were empirically determined 
for Lycosidae and Theridiidae (Chapter 2, Table 2.5). The unavailability of sufficient field-collected 
predators prevented similar experiments being performed to determine the detectability half-life for 
target C. pavonana mtCO1 DNA in other spider families. However, estimates of the detectability 
half life for C. pavonana mtCO1 DNA in the guts of Clubionidae and Linyphiidae were made based 
on the assumptions that detectability half lives in these spider families would rank similarly to those 
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for P. xylostella mtCO1 DNA, albeit that detectability half lives for C. pavonana mtCO1 DNA 
would be longer (Table 5.1).  
Based on the frequency of positive C. pavonana mtCO1 DNA detection events in foliar-
dwelling field-collected spiders, the families for which detectability half-lives were determined or 
estimated could be ranked Linyphiidae = Theridiidae < Clubionidae < Lycosidae (Tables 5.6 and 
5.9). However, when the adjusted incidence was calculated by incorporating the detectability half-
life of the target DNA in the different spider families, the ranking of the foliar-dwelling predators 
changed to Theridiidae < Lycosidae < Linyphiidae < Clubionidae (Table 5.9). Adjusting the 
incidences further by calibration by the relative abundance of each predator family in the foliar 
samples had no further impact on the ranking of these predators (Table 5.9). No such ranking of 
epigeal spiders collected in pitfall traps was possible as Lycosidae were the only epigeal spiders 
collected that tested positive for C. pavonana mtCO1 DNA (Table 5.8) 
During the experiment the incidences of P. xylostella and P. rapae were low (Fig. 5.3A) 
but some predators did test positive for mtCO1 DNA of both species when sampled from plant 
foliage (Table 5.6 and 5.7) and in pitfall traps (Table 5.8). 
Table 5.9 Incidence (proportion) of C. pavonana mtCO1 DNA detected in spiders collected by 
destructive sampling of foliage and relative importance index for each family.  
 Spiders collected on foliage 
Spider Family 
Raw 
incidence 
Adjusted 
incidence
1
 
 
n
2
 
Relative 
importance index
3
 
Linyphiidae 0.21 0.51 34 17 
Lycosidae 0.38 0.38 32 12 
Clubionidae 0.25 0.72 28 20 
Theridiidae 0.20 0.01 69 0.69 
1 
For each spider family the raw incidence was used to calculate the 
corresponding time since feeding from the appropriate logit model 
(Chapter 2, Table 2.4) This estimate was then entered into the logit model 
for Lycosidae (Chapter 2; Table 2.5) to calculate the adjusted incidence 
(Greenstone et al., 2010). 
2 
n= number of individuals collected by destructive sampling of plants 
3 
Relative importance index= adjusted incidence of C. pavonana 
mtCO1 DNA detected * total number sampled. 
 
5.4 Discussion 
Few studies have previously investigated predation of C. pavonana, and the majority of 
those that have either focused on listing putative predator species collected in the field (e.g. Singh & 
Rawat, 1980; Patel et al., 2005) or on measuring predator abundance and comparing this with the 
abundance of the pest population (Mandal & Patnaik, 2006). Such approaches do not allow 
evaluation of the efficacy of predators, or an assessment of their impact on pest populations. In a 
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study on the ecological impact of Brassica IPM implementation in Indonesia, Sastrosiswojo et al. 
(2004) showed that the population of soil-dwelling predators (Coleoptera, Araneidae, Hemiptera 
and Orthoptera) was higher in IPM systems than in conventional systems, but the work did not 
show that these predators actually contributed to pest mortality.  
The aim of this study was to adopt an ecological approach to determine the impact of 
predators on C. pavonana populations in the Brassica agro-ecosystem in southeast Queensland and 
to identify the ecologically important predators within the endemic predator complex by integrating 
the ecological study with a molecular technique to identify target prey remains in the gut-contents 
of predators. Based on the ecological study, predators were shown to be important agents of C. 
pavonana mortality as significantly lower recovery and survivorship rates of experimental cohorts 
were recorded from open cages that allowed predator access when compared with cages that 
excluded natural enemies (Figs 5.1 and 5.2).  
Life tables built based on the survivorship of experimental cohorts in the presence and 
absence of natural enemies showed that neither eggs nor larvae were attacked by parasitoids (Tables 
5.2 and 5.3). However, three species of hymenopteran parasitoids, Cardiochiles s.l. sp. (Braconidae: 
Cardiochilinae), Temalucha sp. (Ichenumonidae: Cremastinae), an Eriborus sp. and one 
unidentified Tachinidae were reared from the C. pavonana population that was recruited in the field 
(Table 5.4). Despite this, the total marginal mortality caused by these parasitoids was consistently 
very low (Table 5.4). These findings supported previous work that has shown that C. pavonana 
typically experiences low or no parasitism in Queensland (Furlong et al., 2014) and as well as in 
other countries in the region (Saucke et al., 2000). The reasons for the typically sparse parasitoid 
fauna attacking C. pavonana (see Uelese et al., 2014 for review) is not immediately clear but work 
in Indonesia has identified the apparently efficient encapsulation mechanism of  immature 
parasitoids within larvae as a possible reason (Buchori,  2009). Pest cohorts from open and closed 
cage experiments experienced similar causes of post-collection mortality, for example unsuccessful 
pupation and pupal malformation that resulted in adults falling to emerge (Table 5.2 and 5.3). 
Total marginal mortality rates that could be attributed to predators were considerably 
higher than those that were caused by parasitism (Tables 5.2, 5.3 and 5.4). These data, together with 
the data demonstrating that natural enemies can suppress C. pavonana populations in the field (Fig. 
5.1), indicate that predators are important natural enemies of C. pavonana. However, the net 
reproductive rate (Ro) for C. pavonana cohorts in open cages, natural enemy exclusion cages and in 
the naturally recruited field population were consistently much greater than 1 (Tables 5.2, 5.3 and 
5.4), indicating that although natural enemies can suppress the C. pavonana population within a 
generation, they are unable to prevent the increase of the pest population between generations. This 
study was conducted relatively early in the Brassica crop season (April to May) and mean number 
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of foliar-dwelling predators were lower than those recorded in the late spring and early summer of 
the previous season when P. xylostella predation studies were conducted (Chapter 4, Fig. 4.3). It is 
not possible to conclude whether low predator densities resulted in lower rates of C. pavonana 
predation than previously measured for P. xylostella (Chapter 4, Fig. 4.1; Tables 4.1 and 4.2) or 
whether C. pavonana is less susceptible to predation than P. xylostella. However, in early season 
crops such as those studied here, the densities of natural enemies of Lepidopteran pests of Brassica 
crops are lower than later in the season and these may be unable to respond to the rapidly increasing 
C. pavonana populations that occur at this time of year. Further, predators might find it difficult to 
access and handle gregarious C. pavonana larvae feeding under protective webbing. The low 
number of egg masses examined in the study of naturally laid cohorts of C. pavonana in the field 
might contribute on the low mortality estimates of this pest. Additionally, the current studies were 
limited to eggs and larvae due the specific behavior of Crocidolomia pavonana pre-pupae that 
usually move from host plants to the soil surface to search for pupation sites. This behavior makes 
survivorship of cohorts difficult to examined, as pupae are difficult to find. This limitation might 
cause the underestimation of pupal mortality. 
Despite the possibility of intra-guild predation, secondary predation and scavenging of 
dead target prey material (e.g by Nitidulidae, Table 5.8) gut-contents analysis of predators shows 
that C. pavonana was consumed by predatory species. More work with Nitidulidae is needed to 
ascertain their role in the Brassica agro-ecosystem, since many members of this family are known 
as saprophagous and mycetophagous, although some are anthophilous (feeding or living on 
flowers), carrion feeders, inquilines (feeding on debris and fungus) and only some are predators 
(Habeck, 2002; Cline, 2005; Majka et al., 2008). Gut-contents analysis of foliar-dwelling predators 
collected by destructive sampling alongside the C. pavonana natural enemy exclusion experiments 
shows that overall, about 29% predators collected contained mtCO1 DNA of lepidopteran pests (C. 
pavonana, P. xylostella and P. rapae). No single predator species dominated the fauna positive for 
prey DNA but of the foliar-dwelling predators tested, more spiders than non-spider predators were 
positive for C. pavonana mtCO1 DNA (Tables 5.4, 5.5 and 5.6). Gut-contents analysis of foliar-
dwelling predators indicates that Clubionidae, Linyphiidae and Lycosidae are likely to be important 
predators of C. pavonana (Table 5.9); similarly, gut-contents analysis of ground-dwelling predators 
indicates that Lycosidae is the most important family of spiders at the soil surface. These data 
support previous work, which identified Lycosidae as likely important soil dwelling predators of C. 
pavonana in this agro-ecosystem (Furlong et al., 2014) and are consistent with data collected in the 
current study that showed that Lycosidae prey on C. pavonana even when pest populations are low 
(Chapter 4, Table 4.5 and 4.7)  
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Most groups of foliar-dwelling spiders collected during the P. xylostella natural enemy 
exclusion experiments contained at least one individual positive for P. xylostella mtCO1 DNA 
(Chapter 4), while most groups of foliar-dwelling spiders collected during the C. pavonana natural 
enemy exclusion study contained at least one individual positive for C. pavonana mtCO1 DNA 
(Tables 5.6 and 5.7). The predators were not identified to species but the same families of spiders, 
and predatory insects were sampled in both studies (Chapter 4, Tables 4.5 and 4.6; Tables 5.6 and 
5.7) indicating that these foliar-dwelling predators consumed whichever prey was abundant in the 
field at the given time. Conclusions regarding the preference of predators for different prey items (i. 
e. C. pavonana or P. xylostella) cannot be drawn from this and the previous study focusing on P. 
xylostella (Chapter 4) as the relative abundance of the two species was quite different in each study. 
Typically, predators consume prey with smaller bodies than themselves, as such prey items 
are easier to catch and handle (Roger et al., 2000). This, in part, probably explains the high rates of 
predation detected in small early instar C. pavonana in the field studies (Tables 5.2 and 5.3). In the 
first and second instars, C. pavonana larvae are of similar size to P. xylostella, which although more 
susceptible to predation in the early instars, were also consumed as larger larvae (Chapter 4, Tables 
4.1 and 4.2).  During the study, the P. rapae population was much lower than the C. pavonana 
population (Fig. 5.3) and it was infrequently detected within the gut-contents of predators (Tables 
5.6, 5.7 and 5. 8). Detectability half life studies for P. rapae mtCO1 DNA were not conducted and 
so it is difficult to draw firm conclusions for the reasons for the infrequent detection. It is possible 
that low field densities resulted in low number of predator encounters but the relatively large size of 
P. rapae larvae might have contributed to this infrequent detection. In addition, the effect of oil 
droplets that are secreted from glandular dorsal setae might also provide this pest an effective 
defence mechanism against predators and parasitoids (Smedley et al., 2002; Shiojiri & 
Takabayashi, 2005). Predation on eggs and early instar larvae of P. rapae was demonstrated by 
Dempster (1967) and the ground beetle, Harpalus rufipes, and the harvestman, Phalangium opili 
were identified as important predators based on ecological studies complemented by application of 
the precipitin test (Dempster, 1967). 
The present study clearly shows that the predator complex in the experimental fields has 
the capacity to suppress C. pavonana pest populations (Table 5.2), however the capacity of the 
complex to do this is clearly variable (cf. Figs 5.2 and 5.3; Table 5.4). In this study agro-ecosystem 
the importance of predation relative to other mortality factors, particularly other biotic factors such 
as parasitoids, is clear and so providing suitable habitat for the generalist predators identified in the 
agro-ecosystem is likely to be a sound approach to pest management. However, the impact of the 
endemic predator complex on C. pavonana appears to be somewhat lower than on P. xylostella at 
other times in the crop season. Although predators can, at times, suppress the C. pavonana 
96 
 
population, further research is required to determine if the endemic predator complex can be 
effectively manipulated to reliably contribute to C. pavonana pest management in this agro- 
ecosystem.  
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Chapter 6: Combining ecological and DNA-based molecular methods to investigate predation 
of Plutella xylostella and Crocidolomia pavonana in West Java, Indonesia 
 
6.1 Introduction 
Prior to the extensive application of synthetic pesticides to agro-ecosystems, which began 
in the middle of the twentieth century, C. pavonana was considered to be a more serious pest of 
Brassica crops than P. xylostella in Indonesia (Ankersmit, 1953); although P. xylostella has long 
been considered the more serious pest at drier times of the year (Vos, 1953). Since the advent of 
synthetic insecticides, P. xylostella has systematically developed resistance to all new chemical 
introductions (Furlong et al., 2013) and the reported resistance to DDT in a population from the 
highlands of West Java was the first report of resistance to insecticide in any agricultural pest 
(Ankersmit, 1953). The introduction of synthetic insecticides has resulted in the elevation of the 
pest status of P. xylostella, which co-occurs with C. pavonana in many regions of the tropics and 
sub-tropics (Furlong et al., 2013). Together, the pests often result in complete crop loss in 
Indonesia, particularly during the dry season (Sastrosiswojo & Setiawati, 1992).  
Biological, cultural and chemical controls within the framework of integrated pest 
management (IPM) have been developed in order to manage both pests in Indonesia (Shepard et al., 
2009). Diadegma semiclausum Hellén (Hymenoptera: Ichneumonidae), a parasitoid of European 
origin, was introduced from New Zealand in 1950 (Vos, 1953) and successfully established in 
highland regions (Sastrosiswojo & Sastrodihardjo, 1986).). Parasitoids do not provide effective 
biological control of C. pavonana anywhere in the world (Uelese et al., 2014). Trichogrammatoidea 
armigera (Hymenoptera: Trichogrammatoidea) was found parasiting C. pavonana eggs in cabbage 
crops in West Java (Buchori et al., 2010). This finding suggested the potential of C. pavonana as an 
alternative host of T. armigera as previously it had only been found attacking P. xylostella, 
Helicoverpa armigera, Scirpophaga incertulas and Etiella zinckenella (Buchori et al., 2010). Two 
endemic species attacking C. pavonana larvae in West Java, Eriborus argenteopilosus (= 
lnareolata argenteopilosa) Cam. (Hymenoptera: Ichneumonidae) and Sturmia inconspicuoides Bar. 
(Diptera: Tachinidae), have only ever been found at very low levels (Sastrosiswojo & Setiawati, 
1992). In cabbage crops in West Sumatra, Nelly et al. (2010) documented low rates of parasitism of 
C. pavonana by parasitoid larvae from the Ichneumonidae (Hymenoptera) and Tachinidae 
(Diptera). High encapsulation rates within the host haemocoel likely contribute to the low rates of 
parasitism recorded in larval populations of C. pavonana in the field (Buchori et al., 2009).  
Despite the lack of effective parasitoids of C. pavonana in Indonesia, Shepard & 
Schellhorn (1997) suggested that if no chemical insecticides were applied to crops then predators 
would most likely become key mortality factors for C. pavonana. However, the empirical evidence 
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to support the claim that predation of this pest is important is lacking. Similarly, despite the 
extensive studies that have been conducted on biological control of P. xylostella worldwide (Kfir, 
1997; Liu et al., 2000; Shelton et al., 2002), with more than 60 parasitoid species recorded 
(Delvare, 2004), the majority of studies do not consider the impact of predators on pest populations 
and those that do frequently fail to assess the impact of predators appropriately (Furlong & Zalucki, 
2010). Studies of arthropod predation typically report the abundance and diversity of predator 
species commonly found in cabbage fields (Miranda et.al, 2011; Sastrosiswojo et al., 2004) but do 
not progress to develop an understanding of the ecological impact of predators on pest populations 
so that contributions to biological control can be evaluated.   
Quantifying the impact of natural enemies on target pest populations is essential if these 
ecosystem services are to be exploited for pest management decision-making (Furlong & Zalucki, 
2010). Predators have been implicated in causing significant losses to P. xylostella in cabbage fields 
in Queensland, Australia (Furlong et al., 2004a, b and Chapter 4 of this study). Even though 
generalist predators are considered to be important mortality factors of pests (Symondson et al., 
2002), before this study (Chapter 5) no ecological studies had adequately investigated the impact of 
predators on C. pavonana populations. Although earlier work that is part of the current study 
investigated predation of both P. xylostella and C. pavonana (Chapters 4 and 5 respectively), these 
studies were conducted independently as in Queensland the populations of the two pests peak at 
different times of the year; C. pavonana reaches its highest population densities February-May 
while P. xylostella reaches highest densities September-November. In Lembang, West Java, 
Indonesia, however, P. xylostella and C. pavonana infest cabbage crops in the field simultaneously 
and thus it is necessary to understand the concurrent impact of generalist predators on each pest 
population.  
Recent work in West Java during the wet seasons of 2008-2009 has shown that predation 
can be a major cause of mortality of immature C. pavonana and immature P. xylostella 
(Murtiningsih et al., 2011). However no studies have investigated the impact of natural enemies 
during the dry season, when pest populations can be particularly high. As rainfall can be a 
significant mortality factor for neonate larvae (Kobori & Amano, 2003; Murtiningsih et al., 2011), 
it is important to understand the survivorship of early instar larvae in the absence of rainfall.  
Once the impact of natural enemies on a pest population has been demonstrated, the next 
step is to determine the key mortality factors through life table construction; this also provides vital 
information on species interactions and the ecological role of natural enemies (Bellows et al., 1992; 
Bellows & van Driesche, 1999). The impact of predators on pest populations is difficult to 
demonstrate. Predators often leave no remains of their prey. Attributing mortality to a given group 
of predators is difficult without the means to detect evidence of specific predation events; this 
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requires experimental manipulation of both pest and natural enemy populations (Furlong & Zalucki, 
2010). This method then needs to be combined with a reliable approach to determine which 
predators consume target pests and evaluate their importance in pest suppression; for example, 
visual observation to detect and document incidents of predation directly, or combined with 
molecular analyses to detect the presence of prey DNA within the predator (Weber & Lundgren, 
2009a). 
Various molecular techniques have been developed, including radionucleotides, serological 
based methods and DNA fragment detection based methods, to study pest-predator relationships by 
identifying the specific prey items within the gut of predators (Sheppard & Harwood, 2005). Within 
the past decade, polymerase chain reaction (PCR), has developed as a powerful DNA based 
molecular approach to study pest-predator relationships (Weber & Lundgren, 2009a), including 
those in the Brassica pest-predator community (Ma et al., 2005; Hosseini et al., 2006; Furlong  et 
al., 2014). In this method, species-specific primers are used to amplify DNA of prey target 
contained in the predator abdomen. Ma et al. (2005) developed an internal transcribed spacer (ITS) 
P. xylostella specific marker to determine the incidence of that DNA sequence within the gut of 
Nabis kinbergii (Hemiptera: Nabidae) and Lycosa sp. (Araneae: Lycosidae) collected from 
cauliflower and broccoli in South Australia. In the present study, PCR was used to amplify specific 
prey target DNA from the highly conserved mitochondrial Cytochrome Oxidase Subunit I (CO1) 
(Hoy, 2013). 
An ecological study was conducted to simultaneously evaluate the impact of natural 
enemies on cohorts of P. xylostella and C. pavonana, using methods adapted from those developed 
by Furlong et al. (2004a, b, 2008b), see also Chapters 4 and 5. To determine the identity of the 
major predators impacting on populations in West Java, predators collected during the ecological 
study were tested for the presence of P. xylostella and C. pavonana mtCO1 DNA in their guts using 
primers that have been tested for their specificity and utility in amplifying target pest DNA within 
the guts of arthropod predators (Chapter 2). 
 
6.2 Materials and methods 
6.2.1 Field site and experimental plants 
The study was conducted at the Indonesian Vegetable Research Institute (IVEGRI) 
research station, Lembang, West Java, Indonesia (6°47'11"S, 107°42'7"E; 1400 m a.s.l; ca. 20 ha) 
between June and August 2012. The research station is situated 10 km north of Bandung, the capital 
city of West Java Province. Experimental potato, tomato, chilli pepper, cabbage and cauliflower 
crops are commonly grown. The cabbage cultivar Brassica oleracea var. capitata cv. Green Coronet 
was selected for the experiment as it is commonly grown throughout the year in the Lembang 
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district. The experimental plot (1,000 m
2
) was prepared according to typical farmer practice and 
cabbage seedlings were planted into 43 x 14 m long raised (0.25 m) beds on the last week of May 
2012. Each bed was 1.0 m wide and contained two rows of cabbage seedlings; plants within a row 
were spaced 0.3 m apart and rows within a bed were separated by 0.7 m, adjacent beds were 
separated by 0.5 m and ran north-south. No insecticide was applied during the experiment. The 
experimental plot was surrounded by 10 m of bare cultivated soil to the south, a mixed crop of 
cauliflower and tomato to the east and west, and a cabbage crop to the north. Temperature and 
rainfall data were collected daily at the IVEGRI meteorological station, situated approximately 500 
m from the field site.  
In order to provide sentinel plants for use in the natural enemy exclusion experiments, 100 
cabbage seedlings (Brassica oleracea var. capitata cv. Green Coronet) were transplanted in 20 cm 
diameter pots containing a mixture of sterile soil and manure (1:1) and grown to stage-4 (9-12 leaf 
stage) (Andaloro et al., 1983) in a screen house. 
 
6.2.2 Insects 
Laboratory cultures of P. xylostella and C. pavonana were established from larvae 
collected from cabbage crops at the Indonesian Vegetable Research Institute (IVEGRI), Lembang, 
West Java. Similar culturing protocols were followed for both species. Larvae were reared in 
ventilated plastic containers (30 cm x 20 cm x 10 cm) and fed on fresh cabbage leaves daily. When 
pupae developed they were collected and placed in a Petri dish (9 cm diameter), which was then 
transferred to the base of a large (1 m x 0.75 m x 0.75 m) screened oviposition cage within a screen 
house. Upon eclosion, adult moths were supplied with fresh honey solution (10% v/v) as a food 
source and young (8-10 leaf stage) potted cabbage plants on which to oviposit. Oviposition plants 
were changed daily and larvae of both species were allowed develop to the second instar on these 
plants before they were transferred to plastic rearing boxes. 
 
101 
 
 
Fig. 6.1 Field experiment at IVEGRI research station, showing the experimental layout and the 
distribution of open and natural enemy exclusion cages, cabbage beds run left to right.  
 
To prepare sentinel plants for use in natural enemy exclusion experiments (see below), five 
pairs of recently emerged male and female P. xylostella were released into a plastic bag that 
covered leaf-3 on each of 24 stage-4 potted cabbage plants. Moths were allowed to oviposit 
overnight and extra eggs were removed with an entomological pin so that each bagged leaf on each 
plant supported 20 eggs. Simultaneously, four other potted cabbage plants were placed into an 
oviposition cage (0.5 x 0.5 x 0.5 m) in the screen house and exposed to 25 pairs of recently emerged 
C. pavonana for two days. Crocidolomia pavonana egg masses laid on plants were removed by 
cutting away the surrounding leaf tissue, each egg mass was then photographed using a digital 
camera (Nikon D90), images were downloaded to a computer and the number of eggs in each egg 
mass was counted and recorded. The egg masses were then grouped by size and sequentially 
allocated to the two cage treatments to ensure that each contained egg masses of a similar size and 
range. The egg masses were then attached to the lower surface of leaf-3 of stage-4 potted cabbage 
plants using entomological pins (3 cm). 
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6.2.3 The impact of natural enemies on field populations of P. xylostella and C. pavonana 
The impact of natural enemies on P. xylostella and C. pavanana cohorts in the field was 
assessed by comparing the survivorship of P. xylostella (egg to pupa) and C. pavanana (egg-fourth 
instar larva) within natural enemy exclusion cages and open cages to which natural enemies had 
unfettered access (Furlong et al., 2004a, b, 2008b; Chapters 4 and 5). Crocidolomia pavonana pre-
pupae move from host plants to the soil surface to search for pupation sites; this behavior makes 
survivorship of cohorts difficult to quantify, as pupae are difficult to find. As such, studies on C. 
pavonana survivorship were limited to eggs and larvae. The experiment for each of the target pests 
was conducted twice. Experiments were designed so that experimental cohorts of P. xylostella and 
C. pavonana overlapped in the field (the first cohorts of P. xylostella and C. pavonana were studied 
in the field from 27 June-18 July and 2 July-24 July respectively and the second cohorts were 
studied between 25 July-13 August and 25 July-15 August. In each experiment, both types of cage 
were made from a cylindrical wire frame (2 cm mesh; 45 cm in height and 45 cm in diameter) and a 
covering of fine nylon mesh (< 0.5 mm
2
 mesh). In the natural enemy exclusion cages, the 
cylindrical wire frame was completely covered by the nylon mesh sleeve, while in the open cages, 
the nylon mesh sleeve only covered the top and the upper 30 cm of the wire frame, leaving a gap of 
15 cm above the ground through which natural enemies could enter the cage (Chapters 4 and 5).
 
Twenty-four exclusion cages and 24 open cages were assigned to stratified positions 
between the rows of cabbage plants in the experimental field (Fig. 6.1). No cages were placed into 
the three beds on the west and east margins of the field. Cages were then placed in every third bed 
across the field. Within a bed, the first cage was placed 2.0 m from the edge of the field and cages 
were then placed at 3 m intervals along the bed; cage treatments were alternated along the bed such 
that each contained four cages; 12 beds were prepared in this manner. A cabbage plant supporting 
20 P. xylostella eggs was allocated to one of the exclusion cages in each bed and a plant supporting 
a C. pavonana egg mass was allocated to the other exclusion cage in each bed. The same process 
was used to allocate 12 plants supporting P. xylostella eggs and 12 plants supporting a C. pavonana 
egg mass to the 24 open cages. In the exclusion cages, potted plants were placed at the bottom of 
the sealed nylon mesh sleeve and carefully buried to make sure that the sleeve stayed firmly 
between the soil and pot. Three bamboo stakes placed against the edges of each cage were used to 
secure the cages in position. In the open cages, potted plants were positioned in centre of the cage 
and carefully covered by soil to ensure that there were no gaps between top of pot and soil surface. 
The P. xylostella and C. pavonana within the cages were examined at 2-3 day intervals and 
the number of individuals surviving on each plant and their stage of development was carefully 
recorded. The P. xylostella experiments were terminated when the majority of individuals in the 
cohort reached the pre-pupal stage and the C. pavonana experiments were terminated when the 
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majority of individuals were in the late fourth instar. In each case, the plants were cut the base of 
the stem and carefully placed in a labelled plastic bag for transport to the laboratory. Each bag was 
then carefully opened and the number and developmental stage of all surviving individuals on that 
plant was recorded. Surviving insects were transferred to Petri dishes (9 cm diameter), supplied 
with fresh cabbage leaf as necessary and incubated under ambient conditions in the laboratory. 
Adult emergence and parasitism rates were then recorded. Life tables were then built for P. 
xylostella and C. pavonana cohorts developing in the presence and absence of natural enemies as 
previously described (Chapters 4 and 5). 
 
6.2.4 Recruitment and survivorship of cohorts arising from naturally laid eggs of P.  xylostella 
and C. pavonana in the field 
Field cohorts of P. xylostella were observed from 14 June to 24 July 2012. Naturally laid 
P. xylostella eggs were recorded by examining 31 randomly selected cabbage plants in the 
experimental plot. When eggs were found, the leaf tissue next to them was marked using marker 
pen and the position of the eggs on the plant recorded. The plant was then tagged using a labelled 
bamboo stake, to facilitate subsequent observations. Thirty plants containing P. xylostella eggs were 
recorded on the first day of observation. These plants were subsequently examined every two to 
three days, the number of additional eggs laid and the survivors from the original cohort were 
recorded at each sample interval as they developed from eggs to P. xylostella or parasitoid pupae. 
The individuals from the cohort were observed continually until the emergence of adults on plants 
in the field. 
Similarly, field cohorts of C. pavonana were observed from 14 June to 11 July 2012. 
Naturally laid C. pavonana egg masses were recorded by examining a number of randomly selected 
cabbage plants in the experimental plot. When an egg mass was found, the leaf tissue next to it was 
marked using marker pen, its position on the plant was recorded and it was photographed using a 
digital camera (Nikon D90). The number of eggs in each egg mass was counted and recorded after 
downloading the images to a computer. The plants where recorded egg masses were laid were 
tagged using labelled bamboo stakes to facilitate subsequent observation. Seventeen plants 
containing C. pavonana egg masses were recorded on the first day of observation. Observations of 
insects on those plants continued every two to three days and the number of insects surviving in the 
cohort was recorded at each interval. Observations were terminated when the larvae in the cohort 
reached the late fourth instar. The C. pavonana larvae were then collected in the same manner as 
described for the C. pavonana in the exclusion experiment. Life tables for P. xylostella and C. 
pavonana natural cohorts were then built based on these survival data as previously described 
(Chapters 4 and 5). 
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6.2.5 Background field densities of P. xylostella and C. pavonana  
During the natural enemy impact experiments the number of pest insects and natural 
enemies on 30 randomly selected plants within the field plot was recorded every week. 
 
6.2.6 Predator collection 
6.2.6.1 Destructive sampling of plants 
Destructive sampling of plants to collect pest and predatory arthropods was performed 
throughout the crop season; three samples were collected during the first cage experiment (28 June, 
6 July and 12 July 2012) and another three samples were collected during the second cage 
experiment (26 July, 2 August and 9 August 2012). A selected plant was covered with a large 
plastic bag and it was then cut at its base; predators found on the soil surface underneath the 
sampled plant were hand-collected and placed into the bag containing the plant. This process took 
approximately 5-10 minutes. Five plants were collected in this manner and transferred to the border 
of experimental plot. Individual plants were then placed on to a white plastic sheet, broken apart 
and thoroughly searched for predatory and pest arthropods. Predators were immediately 
individually transferred into 1.5 ml microcentrifuge tubes containing 0.5- 1.0 ml (depending on the 
size of predator) absolute ethanol and labelled. The plant collection and destructive sampling 
process was then repeated for the next five plants until all the 30 selected plants were sampled. 
Collections of predators were then transferred to the laboratory and stored at -20 
o
C until they were 
transported to Australia for gut-contents analysis. During travel, the samples were stored in a cooler 
bag (for 2 days) and they were then immediately transferred to a -20 
o
C freezer upon arrival at the 
University of Queensland. DNA in the contents of predator guts is best preserved when stored in 
ethanol at -20 
o
C, however, short periods of storage in ethanol at room temperature does not affect 
DNA deterioration in these conditions (Weber & Lundgren, 2009b). The samples appeared to have 
arrived for analysis in excellent condition. 
 
6.2.6.2 Pitfall trapping of epigeal predators 
Pitfall traps were constructed to study the ground-dwelling predators in the field. The 
construction, field arrangement, emptying and processing methods used in this study were similar to 
those described in Chapter 3; however, 40 pitfall traps were used. Two preservative liquids were 
used, ethylene glycol (Ethanediol LR/Ethylene glycol; n = 20) and propylene glycol (1,2,-
propanediol; n = 20). In the study all of the ground dwelling predators trapped in the two media 
were pooled for analysis. Pitfall traps were placed in the field on June, 11 2012 and emptied every 
5-7 days for a period of six weeks (traps emptied on 16 June, 10 July, 19 July, 27 July and 10 
August 2012), the number and identity of predators at each sample interval was then determined.   
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Additionally, ground-dwelling predators were collected from the experimental crop for 
gut-contents analysis by pitfall trapping predators for three consecutive days on two separate 
occasions; the first set of samples was collected during the first cage experiment (2-5 June 2012) 
and the second set of samples was collected during the second cage experiment (30 July-2 August 
2012). Ethylene glycol (Ethanediol LR/Ethylene glycol) and propylene glycol (1, 2, -Propanediol) 
were used as trap collection liquids and forty traps were used in this experiment. The traps were 
emptied every 12 hours, at 6 pm in the afternoon and 6 am in the morning. To avoid cross 
contamination, traps and collecting media were also changed at these times. Collected arthropods 
were placed individually within labeled 1.5 ml micro tubes containing 0.5-1 ml absolute ethanol 
immediately upon collection and placed into a -20 
o
C freezer prior to arthropod identification and 
transport to the University of Queensland, Australia for gut-contents analysis as previously 
described (section 6.2.6.1) 
 
6.2.7 Gut-contents analysis of predators 
6.2.7.1 Sample preparation and DNA extraction 
DNA was extracted from whole predators collected from the field following the CTAB 
protocol as described in Chapter 2, section 2.2.1.2.  
 
6.2.7.2 Predator gut-contents analysis 
Two primers pairs, DBM1S as forward and DBM2A as reverse, and CPAV1S- as forward 
and CPAV2A- as reverse (see Chapter 2, Table 2.1) were used to amplify specific sequences in the  
mtCO1 genes of P. xylostella and C. pavonana respectively. PCR were performed under the 
conditions described in Chapter 4 (section 4.2.7), but single PCR (see Chapter 2, Table 2.3 for PCR 
conditions) was applied in the current study instead of multiplex PCR. In each single PCR, one C. 
pavonana positive control, 1 C. pavonana-fed predator control, 1 starved predator control, and 1 
negative control were also tested. Additionally, the amplification of DNA in samples was tested in 
control PCR using universal primers. Electrophoresis separation of PCR products was conducted on 
a 1% agarose gel in 0.5 M TAE buffer at 130 volts for 40 minutes. Gel red was applied for DNA 
staining by mixing 10 µl gel red with 1,000 µl orange loading buffer. DNA was then visualised and 
photographed using UV illuminator machine. 
 
6.2.8 Characteristics of cabbage farms in Lembang, West Java 
In June and July 2012, a small-scale survey of farmers in the Lembang sub-district was 
conducted to determine the characteristics of local cabbage farms and the crop protection practices 
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adopted. Twenty farmers, selected due to proximity to the IVEGRI research station were 
interviewed and their responses to a structured questionnaire (see Appendix 3 for details) recorded. 
 
6.2.9 Statistical analysis 
Proportional data representing recovery rates and survival to adulthood were subjected to 
angular transformation and analysis by t-tests (SAS Institute 1999). 
 
6.3 Results 
6.3.1 The impact of natural enemies on field populations of P. xylostella and C. pavonana 
The proportion of the original cohort of P. xylostella recovered from natural enemy 
exclusion cages was significantly greater than the proportion recovered from open cages in both the 
first (t = 15.40, P < 0.001) and second t = 10.43, P < 0.001) experiments (Figs 6.2 and 6.3). 
Similarly, the survival to adulthood was also significantly greater in natural enemy exclusion cages 
than in open cages in both experiments (t = 15.67, P < 0.001 and t = 10.43, P < 0.001 respectively; 
Figs 6.2 and 6.3). 
No parasitoids were reared from P. xylostella that developed in the total exclusion cages in 
either experiment. However, D. semiclausum was reared from P. xylostella reared in open cages and 
D. semiclausum marginal parasitism rates of 0.33 and 0.63 were recorded in the first and second 
experiments respectively (Tables 6.1 and 6.2). In both experiments, the net reproductive rates (Ro) 
of the P. xylostella cohorts in the presence of natural enemies were lower (0.3 and 0.5 respectively) 
then those in the absence of natural enemies (56.3 and 52.8 respectively) (Tables 6.1 and 6.2). 
In the first experiment, the number of C. pavonana recovered from natural enemy 
exclusion cages was significantly greater than the number recovered from open cages (t = 2.67, P < 
0.014; Fig. 6.4) but there was no significant difference between recovery rates from natural enemy 
exclusion and open cages in the second experiment (t = 1.07, P = 0.297; Fig. 6.4). Similarly, the 
survival to adulthood was significantly greater in natural enemy exclusion cages than in open cages 
in the first experiment (t = 3.35, P = 0.004; Fig. 6.4) but the differences were not significant in the 
second experiment (t = 1.29, P = 0.210; Fig. 6.4). 
No parasitoids were reared from any C. pavonana larvae (Tables 6.3 and 6.4). In the first 
experiment, the net reproductive rate (Ro) of the cohort reared in open cages was 14.9, considerably 
lower than the Ro of the cohort reared in natural enemy exclusion cages (69.0) (Table 6.3). 
However, in the second experiment the net reproductive rates (Ro) of the cohorts reared in open (Ro 
= 61.2) and natural enemy exclusion cages (Ro = 79.3) were very similar (Table 6.4).  
The study was conducted during the dry season, when both pest species are at their most 
abundant and rainfall events were rare. Rainfall was recorded on 13 (35 mm) and 22 July (9 mm) 
107 
 
and temperatures were relatively stable with a daily mean of 19.8 ± 0.1 ºC throughout the 
experimental period (Figs 6.3C and 6.5C). 
 
 
Fig. 6.2 Mean proportion (± SE) of the experimental P. xylostella cohort recovered and the mean 
proportion (± SE) surviving to adulthood in the different cage treatments in A. the first cage 
experiment (recovery t = 15.40, P < 0.001 and survivorship t = 15.67, P < 0.001) and B. the second 
cage experiment (recovery t = 10.43, P < 0.001 and survivorship t = 10.43, P < 0.001). 
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Fig. 6.3 Mean (± SE) survivorship of P. xylostella under different cage treatments in A. the first (27 June-18 July 2012); B. the second (25 July-17 
August 2012) natural enemy exclusion experiments. C. Rainfall events and maximum and minimum daily temperatures recorded during the 
experimental period. 
109 
 
Table 6.1 Life tables for P. xylostella in natural enemy access and natural enemy exclusion cages at IVEGRI research station, first cage experiment, 27 
June-18 July 2012. 
Stage 
Natural enemy access to P. xylostella cohort 
 
Natural enemy excluded from P. xylostella cohort 
Mortality factor lx dx qx 
Marginal 
Mortality rate k-value 
 
Mortality factor lx dx qx 
Marginal 
Mortality rate k-value 
Egg 
 
240 
      
240 
    
 
Disappearance 
 
70 0.29 0.29 0.15 
 
Disappearance 
 
11 0.05 0.05 0.02 
              L1 
 
170 
      
229 
    
 
Disappearance 
 
105 0.62 0.62 0.42 
 
Disappearance 
 
0 0 0 0 
              L2+L3 
 
65 
      
229 
    
 
Disappearance 
 
53 0.82 0.82 0.73 
 
Disappearance 
 
2 0.01 0.01 0.004 
 
D. semiclausum 
 
4 0.06 0.33 0.18 
       L4 
 
8 
      
227 
    
 
Disappearance 
 
7 0.88 0.88 0.90 
 
Disappearance 
 
0 0 0 0 
             
0 
P 
 
1 
      
227 
    
 
Disappearance 
 
0 0 0 0 
 
Disappearance 
 
0 0 0 0 
              Adults 
 
1 
      
227 
      Ro = 0.3             Ro = 56.3           
lx, number of individuals entering stage; dx, number of insects killed by a factor in given stage; qx, proportion of individuals observed 
killed by a factor in a stage. Marginal mortality rate = proportion of insects remaining after the operation of an earlier factor in that life 
stage which are killed by given mortality factor. Ro was calculated based on female fecundity of 119 eggs and a sex ratio of 1:1 (Furlong 
et al., 2004a). 
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Table 6.2 Life tables for P. xylostella in natural enemy access and natural enemy exclusion cages at IVEGRI research station, second cage experiment, 
25 July-17 August 2012. 
Stage 
Natural enemy access to P. xylostella cohort 
 
Natural enemy excluded from P. xylostella cohort 
Mortality factor lx dx qx 
Marginal 
mortality rate k-value 
 
Mortality factor lx dx qx 
Marginal 
mortality rate k-value 
Egg 
 
240 
      
240 
    
 
Disappearance 
 
178 0.74 0.74 0.59 
 
Disappearance 
 
17 0.07 0.07 0.03 
              L1 
 
62 
      
223 
    
 
Disappearance 
 
28 0.45 0.45 0.26 
 
Disappearance 
 
5 0.02 0.02 0.01 
              L2+L3 
 
34 
      
218 
    
 
Disappearance 
 
26 0.77 0.77 0.63 
 
Disappearance 
 
5 0.02 0.02 0.01 
 
D. semiclausum 5 0.15 0.63 0.43 
       L4 
 
3 
      
213 
    
 
Disappearance 
 
1 0.33 0.33 0.18 
 
Disappearance 
 
0 0 0 0 
              Pupa 
 
2 
      
213 
    
 
Disappearance 
 
0 0 0 0 
 
Disappearance 
 
0 
 
0 0 
              Adult 
 
2 
      
213 
      Ro = 0.5             Ro = 52.8           
lx, number of individuals entering stage; dx, number of insects killed by a factor in given stage; qx, proportion of individuals observed killed 
by a factor in a stage. Marginal mortality rate = proportion of insects remaining after the operation of an earlier factor in that life stage which 
are killed by given mortality factor. Ro was calculated based on female fecundity of 119 eggs and a sex ratio of 1:1 (Furlong et al., 2004a). 
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Fig. 6.4 Mean proportion (± SE) of the experimental C. pavonana cohort recovered and the mean 
proportion (± SE) surviving to adulthood in the different cage treatments in A. the first cage 
experiment (recovery t = 2.67, P < 0.014 and survivorship t = 3.35, P < 0.003) and B.  the second 
cage experiment (recovery t = 1.07 P < 0.2971 and survivorship t <  1.29, P <0.21). 
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Fig. 6.5 Mean (±SE) survivorship of C. pavonana under different cage treatments in A. the first (2 July-24 July 2012), B. the second (25 July-27 
August 2012) natural enemy exclusion experiments. C. Rainfall events and maximum and minimum daily temperatures recorded during the 
experimental period. 
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Table 6.3 Life tables for C. pavonana in natural enemy access and natural enemy exclusion cages at IVEGRI research station, first cage experiment, 2 
July-24 July 2012. 
Stage 
Natural enemies access to C. pavonana 
 
Natural enemies excluded from C. pavonana 
Mortality factor lx dx qx 
Marginal 
mortality rate k-value 
 
Mortality factor lx dx qx 
Marginal 
mortality rate k-value 
              Egg 
 
444 
    
  
413 
    
 
Disappearance 
 
115 0.26 0.26 0.13 
 
Disappearance 
 
60 0.14 0.14 0.07 
       
 
      
L1 
 
329 
    
 
 
353 
    
 
Disappearance 
 
130 0.39 0.39 0.22 
 
Disappearance 
 
141 0.4 0.4 0.22 
       
 
      
L2 
 
199 
    
 
 
212 
    
 
Disappearance 
 
25 0.13 0.13 0.06 
 
Disappearance 
 
10 0.05 0.05 0.02 
       
 
      
L3 
 
174 
    
 
 
202 
    
 
Disappearance 
 
60 0.35 0.35 0.18 
 
Disappearance 
 
13 0.06 0.06 0.03 
       
 
      
L4 
 
114 
    
 
 
198 
    
 
Failure to pupate 
 
53 0.47 0.47 0.27 
 
Failure to pupate 
 
8 0.04 0.04 0.02 
       
 
      
Pupa 
 
61 
    
 
 
190 
    
 
Unexplained 
 
17 0.28 0.23 0.14 
 
Unexplained 
 
0 0 0 0 
 
 
     
  
     
Adult 
 
44 
    
  
190 
    
  Ro = 14.9           
 
Ro = 69.0           
lx, number of individuals entering stage; dx, number of insects killed by a factor in given stage; qx, proportion of individuals observed killed by 
a factor in a stage. Marginal mortality rate = proportion of insects remaining after the operation of an earlier factor in that life stage which are 
killed by given mortality factor. Ro was calculated based on female fecundity of 300 eggs (Sastrosiwojo & Setiawati, 1992) and a sex ratio of 
1:1 (Thayib, 1983). 
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Table 6.4 Life tables for C. pavonana in natural enemy access and natural enemy exclusion cages at IVEGRI research station, second cage experiment, 
25 July-27August 2012. 
Stage 
Natural enemies access to C. pavonana 
 
Natural enemies excluded from C. pavonana 
Mortality factor lx dx qx 
Marginal 
Mortality rate k-value 
 
Mortality factor lx dx qx 
Marginal 
Mortality rate k-value 
              Egg 
 
566 
    
  
577 
    
 
Disappearance 
 
63 0.11 0.11 0.05 
 
Disappearance 
 
69 0.12 0.12 0.06 
  
     
  
     
L1 
 
503 
    
  
508 
    
 
Disappearance 
 
83 0.17 0.17 0.08 
 
Disappearance 
 
46 0.09 0.09 0.04 
  
     
  
     
L2 
 
420 
    
  
462 
    
 
Disappearance 
 
122 0.3 0.3 0.15 
 
Disappearance 
 
74 0.16 0.16 0.08 
  
     
  
     
L3 
 
298 
    
  
388 
    
 
Disappearance 
 
20 0.07 0.07 0.03 
 
Disappearance 
 
13 0.03 0.03 0.01 
  
     
  
     
L4 
 
278 
    
  
375 
    
 
Failure to pupate 32 0.12 0.12 0.05 
 
Failure to pupate 
 
68 0.18 0.18 0.09 
  
     
  
     
Pupa 
 
246 
    
  
307 
    
 
Unexplained 
 
15 0.06 0.06 0.03 
 
Unexplained 
 
2 0.01 0.01 0.003 
  
     
  
     
Adult 
 
231 
    
  
305 
    
  Ro = 61.2            Ro = 79.3           
lx, number of individuals entering stage; dx, number of insects killed by a factor in given stage; qx, proportion of individuals observed killed 
by a factor in a stage. Marginal mortality rate = proportion of insects remaining after the operation of an earlier factor in that life stage which 
are killed by given mortality factor.  Ro was calculated based on female fecundity of 300 eggs (Sastrosiwojo & Setiawati, 1992) and a sex ratio 
of 1:1 (Thayib, 1983). 
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6.3.2 Recruitment and survivorship of cohorts arising from naturally laid eggs of P. xylostella 
and C. pavonana in the field 
During the P. xylostella experiment (from 14 June to 24 July 2012), 403 eggs were 
recruited to the P. xylostella population on the 31 sampled plants, the cohort suffered significant 
mortality at all stages (Table 6.5). Egg disappearance (marginal mortality = 0.6), parasitism by D. 
semiclausum (marginal mortality = 0.46) and disappearance of fourth instar larvae (marginal 
mortality = 0.46), caused the mortality to this cohort, and the net reproductive (Ro) = 5.6. In the C. 
pavonana experiment, 911 eggs were recruited to C. pavonana population on the 17 sampled plants, 
egg and larval disappearance was low with marginal mortality rates in the range 0.13-0.42. No 
parasitoids was recruited from the study cohort and the net reproductive (Ro) = 14.65 (Table 6.6). 
 
Table 6.5 Life table for P. xylostella cohort naturally recruited to the field population (14 June-24 
July 2012). 
Stage Mortality factor lx dx qx Marginal mortality rate k- value Ro 
Egg  403      
 Disappearance  242 0.60 0.60 0.40  
L1  161      
 Disappearance  19 0.12 0.12 0.05  
L2+L3  142      
 Disappearance  35 0.25 0.25 0.12  
 D. semiclausum  49 0.34 0.46 0.26  
L4  58      
 Disappearance  20 0.34 0.46 0.26  
Pupa  38      
 Disappearance  0 0.00 0.00 0.00  
Adult  38     5.61 
lx, number of individuals entering stage; dx, number of insects killed by a factor in 
given stage; qx, proportion of individuals observed killed by a factor in a stage. 
Marginal mortality rate = proportion of insects remaining after the operation of an 
earlier factor in that life stage which are killed by given mortality factor. Ro of was 
calculated based on female fecundity of 119 eggs and a sex ratio 1:1 (Furlong et al., 
2004a). 
 
6.3.3 Background field densities of P. xylostella and C. pavonana  
In the destructive plant samples the mean number of predators per plant per observation 
day increased over time (F5,174 = 6.8, P < 0.0001) (Fig. 6.6). Plutella xylostella eggs, larvae and 
pupae were recorded on field plants during the course of the experiments (Fig. 6.6A). The mean 
population densities recorded ranged between 0.63 and 3.42 eggs, 0.2 and 2.3 larvae, and 0.02 and 
1.43 pupae per plant (Fig. 6.6A). Crocidolomia pavonana was not always recorded in the crop 
during the studies (Fig. 6.6A) and densities varied between 0 and 0.03 egg masses per plant, and 0 
and 1.85 larvae per plant.  
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Table 6.6 Life table for C. pavonana cohort naturally recruited to the field population cohort (14 
June-11 July 2012). 
Stage Mortality factor lx dx qx 
Marginal  
mortality rate k-value Ro 
Egg  911      
 Disappearance  223 0.24 0.24 0.12  
L1  688      
 Disappearance  286 0.42 0.42 0.23  
L2  402      
 Disappearance  138 0.34 0.34 0.18  
L3  264      
 Disappearance  33 0.13 0.13 0.05  
L4  189      
 Failure to pupate  65 0.34 0.34 0.18  
Pupa  124      
 Unexplained  35 0.28 0.28 0.14  
Adult  89     14.65 
lx, number of individuals entering stage; dx, number of insects killed by a factor in given 
stage; qx, proportion of individuals observed killed by a factor in a stage. Marginal 
mortality rate = proportion of insects remaining after the operation of an earlier factor in 
that life stage which are killed by given mortality factor. Ro of was calculated based on 
the female fecundity of 300 eggs (Sastrosiwojo & Setiawati, 1992) and a sex ratio of 1:1 
(Thayib, 1983).  
 
 
The most abundant ground-dwelling insects caught in pitfall traps were an unidentified 
species of Formicidae (n = 985) followed by Tenebrionidae 1 (n = 153) and Menochilus sp. (n = 
125) (Table 6.7). Spiders collected in pitfall traps were dominated by Lycosidae (n = 254) and 
Gnaphosidae (n = 33) (Table 6.7). 
The mean number of foliar-dwelling predators collected during the destructive sampling 
increased significantly during the experiment periods (F5,174 = 6.8; P < 0.0001) (Fig. 6.6B). The 
majority of arthropods collected from the destructive sampling were immature Syrphidae larvae 
(29% of 309 predatory arthropods collected) followed by Araneae (24%), Menochilus sp. (12%) 
and Gnaphosidae (11%) (Tables 6.8 and 6.9). 
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Fig. 6.6 A. Mean numbers of pest larvae per day of observation per plant (± SE), B. Mean number 
of predators per plant per day (± SE), the number of predators per plant increased with time F5,174 =  
6.8; P < 0.0001, mean numbers per plant marked by the same letter are not significantly different 
(LSD; P < 0.05). 
 
 
6.3.4 Gut-contents analysis of predators 
Most of foliar-dwelling predators collected in destructive samples were predatory insects 
and they accounted for 58% of the total number of arthropod predators (n = 309) collected from 
foliage (Tables 6.8 and 6.9) The most abundant predatory insects found foraging on the plant were 
Syrphidae (50% of 175 predatory insects caught) (Table 6.8); 10% of these contained P. xylostella 
mtCO1 DNA and 17% C. pavonana mtCO1 DNA (Table 6.8). The next most abundant predatory 
insects collected on foliage were Menochilus sp (n = 36; adults and larvae combined), Staphylinidae 
(n = 17; 13 Paederus sp. and 4 unidentified individuals) and Miridae (n = 11) (Table 6.8). Eight per 
cent of the Milochilus sp. contained P. xylostella mtCO1 DNA, 11% contained C. pavonana mtCO1 
DNA but none contained mtCO1 DNA of both species (Table 6.8). Ten of the Paederus sp. 
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contained C. pavonana mtCO1 DNA but none contained P. xylostella mtCO1 DNA, while all four 
of the unidentified Staphylinidae contained P. xyslostella mtCO1 DNA, but none contained C. 
pavonana mtCO1 DNA (Table 6.8). Of the 11 Miridae collected, one contained P. xylostella 
mtCO1 DNA and two contained C. pavonana mtCO1 DNA (Table 6.8). 
 
Table 6.7 Total numbers of ground-dwelling arthropods collected in 40 traps during the natural 
enemy exclusion experiments.  
Group/ family/ species 
Sample interval 
Total 1 2 3 4 5 
Araneae  
     
 
Araneidae 2 0 0 1 5 8 
Gnaphosidae 15 7 0 10 1 33 
Linyphiidae 1 0 1 2 0 4 
Lycosidae  38 62 22 77 55 254 
Salticidae 0 1 0 1 0 2 
Coleoptera 
     
 
Carabidae  0 3 0 6 1 10 
Cicindelidae 0 3 4 1 0 8 
Menochilus sp.   26 11 14 39 35 125 
Nitidulidae 2 25 5 9 3 44 
Stapylinidae  2 2 4 0 2 10 
Tenebrionidae 1 12 51 42 27 21 153 
Tenebrionidae 2 0 0 2 0 2 4 
Diptera 
     
 
Syrphidae  0 0 0 0 4 4 
Dermaptera 
     
 
Labiduridae 11 7 19 23 22 82 
Hemiptera 
     
 
Lygaeidae 6 1 5 7 9 28 
Miridae 0 0 2 3 1 6 
Hymenoptera 
     
 
Vespidae 0 1 0 1 0 2 
Formicidae 115 188 189 390 103 985 
Total number per week 230 362 309 597 264 - 
Total number per day 46 51.71 61.80 99.67 44.33 - 
Pitfall traps were set up on 11 June 2012 and emptied every 5-7 days 
(Sample 1: 11-16 June 2012, Sample 2: 3-10 July, Sample 3: 14-19 July, 
Sample 4: 21-27 July, and Sample 5: 4-10 August 2012 
 
 
The most abundant spiders collected during destructive sampling were Araneidae (57% of 
the 134 spiders collected), followed by Gnaphosidae (25%) and similar numbers of Clubionidae, 
Linyphiidae and Theridiidae, each of which accounted for approximately 5% of spiders collected  
(Table 6.9). Plutella xylostella mtCO1 DNA was found in 50% of the Clubionidae, and 11-17% of 
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the Gnaphosidae, Aranaeidae, Linyphiidae and Theridiidae (Table 6.9). Only Araneidae (7%) and 
Gnaphosidae (3%) contained C. pavonana mtCO1 DNA and no spiders contained mtCO1 DNA of 
both prey species (Table 6.9).  
Most of the epigeal predators caught in pitfall traps set to capture predators for gut contents 
analysis during the experiments were predatory insects, collectively they accounted for 75% of the 
total number of predators (n = 182) captured by this method. Formicidae were the most abundant 
predatory insects caught in the pitfall traps (80% of 137 predatory insects caught) (Table 6.10). 
Four genera of Formicidae were collected, Hypoponera, Pheidole, Crematogaster and Myrmecina 
(Table 6.10). Pheidole were the most abundant of the Formicidae in field (66% of 109) and 54% 
contained P. xylostella mtCO1 DNA, 10% contained C. pavonana mtCO1 DNA and 19% contained 
mtCO1 DNA of both P. xylostella and C. pavonana. Crocidolomia pavonana mtCO1 DNA was 
detected in 47% of the 32 Hypoponera individuals collected (Table 6.10).  
The most abundant spiders caught in the pitfall traps were Lycosidae (76% of 45 
individuals) (Table 6.10); 29% of them contained C. pavonana mtCO1 DNA, 15% contained P. 
xylostella mtCO1 DNA and 3% contained both P. xylostella and C. pavonana mtCO1 DNA (Table 
6.11). Araneidae (n = 2), Gnaphosidae (n = 7) and Linyphiidae (n = 1) were also caught in pitfall 
traps (Table 6.11). One of the Gnaphosidae contained C. pavonana mtCO1 DNA, another contained 
both C. pavonana and mtCO1 DNA (Table 6.11) and the single Linyphiidae caught contained P. 
xylostella mtCO1 DNA; neither of the Araneidae contained prey DNA (Table 6.11). 
 
6.3.5 Ranking of predators that consumed P. xylostella and C. pavonana based on incidence of 
positive field collected arthropods and appropriate mtCO1 DNA detectability half-lives 
Detectability half-lives for target P. xylostella mtCO1 DNA were determined for 
Clubionidae, Linyphiidae, Lycosidae and Theridiidae collected in field studies in Queensland, 
Australia (Chapter 2). Similarly, detectability half-lives for target C. pavonana mtCO1 DNA were 
determined for Lycosidae and Theridiidae collected in field studies in Queensland, Australia 
(Chapter 2). However, detectability half-lives were not determined for spiders or insects collected 
from the Brassica agro-ecosystem studied at Lembang in West Java, Indonesia. As detectability 
half-life data is not available for the Indonesian predators, where available, the detectability half-
lives at appropriate temperatures for corresponding families in Australia were used to adjust raw 
field incidences and rank predators in order of importance.  
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Table 6.8 Total number of foliar-dwelling predatory insects collected in the first and second cage experiment and percentage containing prey target 
DNA (DBM = P. xylostella mtCO1 DNA; LCM = C. pavonana mtCO1 DNA; DBM and LCM = both P. xylostella mtCO1 DNA and C. pavonana 
mtCO1 DNA) 
Insect order/family 
First cage experiment 
 
Second cage experiment 
 
Combined data 
Total 
predators 
collected 
Percentage of insects 
containing DNA of...  
Total 
predators 
collected 
Percentage of insects 
containing DNA of...  
Total 
predators 
collected 
Percentage of insects 
containing DNA of... 
DBM LCM 
DBM 
and 
LCM  DBM LCM 
DBM 
and 
LCM  DBM LCM 
DBM 
and 
LCM 
Formicidae 
              
Hypoponera 0 0 0 0 
 
4 25 0 0 
 
4 25 0 0 
Pheidole 0 0 0 0 
 
6 50 0 0 
 
6 50 0 0 
Diptera 
              
Syrphidae larvae 23 9 22 0.0 
 
65 11 15 0 
 
88 10 17 0 
Coleoptera 
              
Coccinellidae               
Menochilus sp. larva 4 0 25 0 
 
23 9 9 0 
 
27 8 11 0 
Menochilus sp. adult 0 0 0 0 
 
9 0 0 0 
 
9 11 11 0 
Staphylinidae               
Paederus sp. 4 0 75 0 
 
9 0 78 0 
 
13 0 77 0 
Unknown  species 0 0 0 0 
 
4 100 0 0 
 
4 100 0 0 
Unidentified Coleoptera  0 0 0 0 
 
3 0 0 0 
 
3 0 0 0 
Hemiptera 
              
Lygaeidae 1 0 100 0 
 
4 0 0 0 
 
5 0 20 0 
Miridae 1 0 100 0 
 
10 10 10 0 
 
11 10 18 0 
Other Hemiptera 2 0 0 0 
 
3 0 0 0 
 
5 0 0 0 
Total number 35 
    
140 
    
175 
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Table 6.9 Total number of foliar-dwelling spiders collected in the first and second cage experiment and percentage containing prey target DNA (DBM 
= P. xylostella mtCO1 DNA; LCM = C. pavonana mtCO1 DNA; DBM and LCM = both P. xylostella mtCO1 DNA and C. pavonana mtCO1 DNA) 
Family of spiders 
First cage experiment 
 
Second cage experiment 
 
Combined data 
Total 
spiders 
collected 
Percentage of spiders 
containing DNA of...  
Total 
spiders 
collected 
Percentage of spiders 
containing DNA of...  
Total 
spiders 
collected 
Percentage of spiders 
containing DNA of... 
DBM LCM 
DBM 
and 
LCM  DBM LCM 
DBM 
and 
LCM  DBM LCM 
DBM 
and 
LCM 
Theridiidae 4 0 0 0 
 
2 50 0 0 
 
6 17 0 0 
Araneidae 21 5 5 0 
 
54 19 6 0 
 
75 15 7 0 
Gnaphosidae 6 17 0 0 
 
28 7 4 0 
 
34 11 3 0 
Salticidae 1 0 0 0 
 
2 0 0 0 
 
3 0 0 0 
Clubionidae 2 50 0 0 
 
6 33 0 0 
 
8 50 0 0 
Linyphiidae 1 0 0 0 
 
5 20 0 0 
 
6 17 0 0 
Tetragnathidae 0 0 0 0 
 
1 100 0 0 
 
1 100 0 0 
Lycosidae 0 0 0 0 
 
1 0 0 0 
 
1 0 0 0 
Total number 35 
    
99 
    
134 
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Table 6.10 Total number of epigeal predatory insects collected in the pitfall traps during the first and second cage experiment and percentage 
containing prey target DNA (DBM = P. xylostella mtCO1 DNA; LCM = C. pavonana mtCO1 DNA; DBM and LCM = both P. xylostella mtCO1 
DNA and C. pavonana mtCO1 DNA) 
 Insect order/family 
First cage experiment  Second cage experiment  Combined data 
Total 
predators 
collected 
Percentage of insects 
containing DNA of...  
Total 
predators 
collected 
Percentage of insects 
containing DNA of...  
Total 
predators 
collected 
Percentage of insects 
containing DNA of... 
DBM LCM 
DBM 
and 
LCM  DBM LCM 
DBM 
and 
LCM  DBM LCM 
DBM 
and 
LCM 
Dermaptera               
Labiduridae 6 0 0 0  8 14.3 43 0  14 9 27 0 
Formicidae               
Hypoponera 26 4 39 0  6 0 83 0  32 3 47 0 
Pheidole 64 58 8 20  8 25 25 13  72 54 10 19 
Crematogaster 1 100 0 0  1 0 0 0  2 50 0 0 
Myrmecina 0 0 0 0  3 0 33 0  3 0 33 0 
Coleoptera               
Carabidae 2 0 50 0  2 0 100 0  4 0 75 0 
Coccinellidae               
Menochilus sp. 
larvae 
0 0 0 0  2 0 100 0  2 0 100 0 
Menochilus sp.  
adult 
3 33 33 0  3 0 33 0  6 16 33 0 
Staphylinidae               
Paederus sp.  1 0 0 0  0 0 0 0  1 0 0 0 
Unknown  species 0 0 0 0  1 0 0 0  1 0 0 0 
Total number  103     34     137    
22 Gonocephalum sp. (Tenebrionidae: Tenebrioninae) were collected and 21 of these tested positive for C. pavonana mtCO1 DNA. Tenebrionidae are 
known to scavenge on plant or fungal dead material and rarely on dead animal material (pers comm Federica Turco, Queensland Museum). 
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Table 6.11 Total number of epigeal spiders collected in the pitfall traps during the first and second cage experiment and percentage containing prey 
target DNA (DBM = P. xylostella mtCO1 DNA; LCM = C. pavonana mtCO1 DNA; DBM and LCM = both P. xylostella mtCO1 DNA and C. 
pavonana mtCO1 DNA) 
Family of spiders 
First cage experiment  Second cage experiment  Combined data 
Total 
spiders 
collected 
Percentage of spiders 
containing DNA of...  
Total 
spiders 
collected 
Percentage of spiders 
containing DNA of...  
Total 
spiders 
collected 
Percentage of spiders 
containing DNA of... 
DBM LCM 
DBM 
and 
LCM  DBM LCM 
DBM 
and 
LCM  DBM LCM 
DBM 
and 
LCM 
Araneidae 1 0 0 0  1 0 0 0  2 0 0 0 
Gnaphosidae 3 33 33 0  4 0 0 25  7 0 14 14 
Linyphiidae 1 0 100 0  0 0 0 0  1 0 100 0 
Lycosidae* 18 18 29 6  16 13 31 0  34 15 30 3 
Unidentified Araneae 1 0 100 0  0 0 0 0  1 0 100 0 
Total number  24     21     45    
* 35 Lycosidae were collected from the field; but DNA could only be extracted from 34 of these.   
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Based on the frequency of positive P. xylostella mtCO1 DNA detection events in foliar-
dwelling field-collected spiders, the families collected in Indonesia for which > 1 individual was 
collected could be ranked Salticidae < Gnaphosidae = Araneidae = Linyphiidae = Theridiidae < 
Clubionidae (Tables 6.9 and 6.12). As a complete data set for detectability half-lives of P. xylostella 
mtCO1 DNA in all spider families is not available it is not possible to adjust the ranking of all 
families based on these data and the relative abundance of the predators in the field. However, when 
the adjusted incidence was calculated by incorporating the detectability half-life of P. xylostella 
mtCO1 DNA in the different spider families for which data was available then the ranking of the 
foliar dwelling predators changed to Theridiidae < Linyphiidae < Clubionidae (Table 6.12). 
Adjusting the incidences further by calibrating by the relative abundance of each predator family in 
the foliar samples did not change this ranking further (Table 6.12). 
In pitfall trap samples, 15% of Lycosidae caught (n = 34) tested positive for P. xylostella 
mtCO1 DNA, but no other predators tested positive (Table 6.11). Similarly, in foliar samples only 
Araneidae (7% of 75 individuals) and Gnaphosidae (3% of 34 individuals) tested positive for C. 
pavonana mtCO1 DNA and in pitfall trap samples Lycosidae (30% of 34 individuals), Gnaphosidae 
(7% of 14 individuals) and Linyphiidae (single individual collected) tested positive for C. pavonana 
mtCO1 DNA. No further ranking of these predators were possible due to lack of detectability half- 
life data.    
 
Table 6.12 Incidence (proportion) of P. xylostella mtCO1 DNA detected in spiders collected by 
destructive sampling of foliage and relative importance index for each group of predators. 
 Spiders collected on foliage 
Spider Family 
Raw 
incidence 
Adjusted 
incidence
1
 
 
n
2
 
Relative 
importance index
3
 
Linyphiidae 0.17 0.17 6 1.0 
Clubionidae 0.50 0.80 8 6.4 
Theridiidae 0.17 3x10
-5
 6 2 x 10
-4
 
1 
For each spider family the raw incidence was used to calculate the 
corresponding time since feeding from its logit model (Greenstone et 
al., (2010); Chapter 2), which was then entered into the logit model for 
Linyphiidae (Chapter 2) to calculate the adjusted incidence 
2 
n = number of individuals collected by each sampling method 
3 
Relative importance index = adjusted incidence of P. xylostella 
mtCO1 DNA detected * total number sampled 
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6.3.6 Characteristics of cabbage farms in Lembang, West Java 
The average age of cabbage farmers from Cikole village, where the field experiment was 
conducted was 56 years and the majority of farmers (65%) completed their education at elementary 
school. Most farmers (85%) rent the land that they farm and most farms are between 500 and 2000 
m
2
. A polyculture cropping system was common in the area, with 90% farmers practising this 
method. Plutella xylostella and C. pavonana were considered to be the most damaging insect pests 
and Plasmodiphora sp. the most serious disease of cabbage crops. The most commonly used 
pesticides in the area were the insecticides chlorantraniliprole and spinosad, and the fungicide 
propinep; 80% of surveyed farmers sprayed their crops with insecticide at least once a week but 
only 15% of farmers sprayed crops based on the pest population in the crop.  
 
6.4 Discussion 
The size and spatial distribution of plots can significantly affect estimates of arthropod 
abundance in field studies (Prasifka et al., 2005). This study was conducted on a small experimental 
plot (1000 m
2
) on a research station surrounded by small commercial farm fields. Typical cabbage 
fields grown by commercial farmers in the region are usually on rented land and 500-2000 m
2  
in 
area, thus, the scale of this experimental plot was appropriate to the local farming system.   
The overall pattern of P. xylostella survival in both experimental periods was similar to the 
pattern of recovery (Fig. 6.2), which was lower in open cages than in exclusion cages. In both 
experimental periods, some of the recovered insects in open cages were parasitized, but no insects 
in the exclusion cages were parasitised. There was a significant difference between the overall 
survival rates of P. xylostella in open and exclusion cage treatments (Fig. 6.2). This provides strong 
evidence that the combined effects of predators and parasitoids on the survival of the experimental 
P. xylostella cohorts were high. This indicates that the combined effects of weather and natural 
enemy activity reduced the experimental P. xylostella cohorts significantly. The marginal mortality 
rate caused by D. semiclausum in the first experiment (= 0.33) and second experiment (= 0.62) 
showed that this parasitoid was a consistently high cause of P. xylostella mortality in the study 
system (Tables 6.1 and 6.2). The marginal mortality rate due to the parasitism was probably higher 
than that if the possibility of disappearance of parasitized larva was considered. Additionally, there 
is possibility of the overestimation of the mortality rate due to predation, which determined based 
on the larval disappearance, if the rate is calculated based on the assumption that the same 
proportions of „disappeared‟ larvae as remaining larvae were parasitized. 
In both experimental periods, the net reproductive rate (Ro) in the open cages was < 1 
while in the cages that excluded natural enemies it was 73 and 68 in the first and second 
experiments respectively (Tables 6.1 and 6.2). This demonstrates that the action of natural enemies 
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suppressed the P. xylostella populations and was strong enough to cause populations to decline (Ro 
< 1) between successive generations. In contrast, the Ro of the field recruited P. xylostella cohort 
(i.e. eggs laid by the field population during the field study) was higher (5.6 fold) than estimated in 
the study of sentinel cohorts investigated in the natural enemy exclusion studies. This suggests that 
natural enemies were only able to decrease the rate with which populations increased to 
approximately 5.6 fold. Overlapping generations and immigration of P. xylostella from surrounding 
fields likely explain the difference between the Ro determined by this method and that determined 
when a single cohort of identical age was examined.  
The overall survival of C. pavonana in both experiments was lower than the corresponding 
recoveries (Fig. 6.4). In both experiment periods, none of the recovered insects in either open or 
exclusion cages was parasitized. Pest cohorts from both cage treatments experienced similar causes 
of post-collection mortality, such as unsuccessful pupation and malformation of pupae which 
resulted in adults falling to eclose (Tables 6.3 and 6.4). There were significant differences between 
the overall survival rates of C. pavonana in open and natural enemy exclusion cage treatments, and 
survival rates of the pest in open cages were lower than in natural enemy exclusion cage treatments 
in the first cage experiment (Fig. 6.4). However, in the second experiment, even though the pattern 
was similar to the first experiment, the number of individuals recovered and the number that 
survived in both open and natural enemy exclusion cages were not significantly different (Table 
6.4). This provides evidence that the effects of predators on the experimental C. pavonana cohorts 
were quite high, but that the impact of predators is less predictable than for P. xylostella and those 
parasitoids are not significant sources of mortality.  
Although there is evidence that predators can reduce the C. pavonana population 
(Experiment 1- Fig. 6.4), they have a lower impact than on P. xylostella (Fig. 6.3 and Table 6.3 and 
6.4). The net reproductive rate (Ro) of cohorts in the exclusion cages was higher than that for 
cohorts in the open cages in both experiment periods. However, all Ro estimates were high (> 1), 
indicating that populations increased between generations and that natural enemies were unable to 
suppress the pest population. Similarly, the Ro of a natural C. pavonana cohort (developed from the 
C. pavonana eggs naturally laid on the cabbage plant in the experimental study) was high (14.65) 
and it was approximately the same to the Ro for open cage experiments. The high Ro for C. 
pavonana cohorts that were available to natural enemies shows the low impact of natural enemies 
on the pest population. This high survivorship combined with the high fecundity of this pest 
undoubtedly contributes to its serious pest status in Indonesia.  
 The reason for the greater impact of predators on P. xylostella populations than on C. 
pavonana populations is not clear but it could be influenced by the gregarious behaviour of C. 
pavonana larvae (Takeuchi et al., 2009) and impeded access of natural enemies to the C. pavonana 
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larvae due the concealed feeding behaviour of larvae in the head of cabbage and the webbing that 
they produce (Peter et al., 1988). Further, neonate P. xylostella are particularly vulnerable to 
predation as they move from oviposition site to first instar feeding sites higher up plants (Furlong & 
Silva, 2012) and this might contribute to the high losses of early instar P. xylostella reported. 
A previous study conducted in Lembang between 2008 and 2009 indicated that rainfall can 
have a dramatic impact on pest survivorship, particularly if heavy rainfall events occur during the 
early stages of pest development (Murtiningsih et al., 2011). There were only two light rainfall 
events during the present study. These occurred in the middle of the study and had only a minor 
effect on the survivorship of the pest cohorts studied (Figs 6.3 and 6.5). In both experimental 
periods, the major mortality factors acting on the experimental populations of P. xylostella and C. 
pavonana were disappearance of eggs and the disappearance of small larvae, while larval parasitism 
only caused mortality to P. xylostella. Thus, the lower recoveries of P. xylostella and C. pavonana 
in open cages compared with those in natural enemy exclusion cages were probably caused by 
factors other than weather (i.e. rainfall). In this study, the lower recoveries of P. xylostella and C. 
pavonana from open cages compared with those in natural enemy exclusion cages thus provides 
evidence that natural enemies can suppress pest populations. Marginal rates of larval parasitism in 
this study were calculated using methods developed by Elkinton et al. (1992), which are based on 
the assumption that all larvae can be attacked by parasitoids and that there is a uniform possibility 
of disappearance. However, data from life table studies on P. xylostella cohorts, in both in the first 
and second experiments, show relatively high rates of neonate disappearance, a stage that is not 
attacked by the parasitoid D. semiclausum. The losses of eggs and small larvae were considerably 
higher in the open cages than in natural enemy exclusion cages in both experiments, probably 
indicating that predation of early stages of pests was an important mortality factor. 
Gut-contents analysis helps to identify those predators that consume the target prey. Gut-
contents analysis of foliar-dwelling predators showed that overall, approximately 14% of predators 
collected from the field contained P. xylostella mtCO1 DNA and a further 14% contained C. 
pavonana mtCO1 DNA (Tables 6.9). A wide range of foliar-dwelling spiders, Theridiidae, 
Araneidae, Clubionidae, Linyphiidae, and Tetragnathidae consumed P. xylostella, while only 
Araneidae and Gnaphosidae consumed C. pavonana (Table 6.9). Most specimens of Paederus sp. 
(Coleoptera: Staphylinidae), collected in this study consumed C. pavonana, but none tested positive 
for P. xylostella mtCO1 DNA. Other predators, such as Menochilus sp. (Coleoptera: Coccinellidae), 
unidentified Syrphidae and Hemipterans contained both P. xylostella and C. pavonana mtCO1 
DNA in their guts. Based on these data alone no conclusion regarding the preference of different 
predators for different prey types can be drawn.  
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Destructive sampling of plants only allows collection of foliar-dwelling predators. As 
Formicidae (Agarwal et al., 2007) and other ground-dwelling predators have been shown 
previously to be important predators of cabbage pests (Sastrosiswojo et al., 2004), it is important to 
use different sampling methods to help better understand the role of these predators. Pitfall trap 
sampling in this study collected different predator species to those collected from plants (cf Tables 
6.10 and 6.11). At least four species of Formicidae were found during pitfall trap sampling, while 
only two species were found foraging on plants. Ants of the genus Pheidole and Hypoponera were 
found foraging on plants and on the ground (Tables 6.8 and 6.10). While an appropriate comparison 
of the number of individuals collected by destructive and pitfall trap sampling is not possible, the 
data clearly show that higher numbers of ants were collected on the ground than on plants (Table 
6.8 and 6.10). Similarly, Lycosidae and Labiduridae were also found in higher numbers on the soil 
surface than on the plants (Table 6.8-6.11).  Based the Micro-Ouchterlony precipitation test, the 
Lycosidae were considered to be important predators of P. xylostella in Japan, but Labidura riparia 
japonica (de Hann) (Dermaptera: Labiduridae) and other putative predators were shown not to be 
important (Nemoto et al., 1985). 
Agarwal et al. (2007) noted that in India, ants of the genus Pheidole were able to reduce 
populations of P. xylostella larvae in a cauliflower crop by up to 59%. In addition, the ants of this 
genus reportedly consumed P. xylostella larvae in both the laboratory and in the field in Brazil 
(Silva-Torres, 2010). In the current study, gut-contents analysis of ants showed the potential of 
Pheidole and Hypoponera as predators of P. xylostella and C. pavonana (Table 6.10). Cross 
contamination of predators caught within pitfall traps is unlikely (Chapter 3) and the ants positive 
for P. xylostella and/or C. pavonana mtCO1 DNA that were collected in the pitfall traps likely 
either captured and consumed prey themselves or shared prey with other conspecifics. 
This study also shows that remains of C. pavonana, rather than P. xylostella, were more 
likely to be detected in the gut contents of Lycosidae. In this field study, where both pests coexisted 
in the field at comparable densities (Fig. 6.6A), the gut-contents analyses indicate that different 
predators have different probabilities of containing target prey DNA. This situation might be related 
to both the behaviour of the Lycosidae and the behaviour of its potential prey. Lycosidae frequently 
move around within their habitat (Ford, 1978), but often sit and wait for their prey (Kronk & 
Riechert, 1979). Three foraging strategies, an “active foraging” strategy, a „sit and wait‟ strategy 
(Walker, 1999) and „sit and move‟ strategy (Samu et al., 2003), have been described for Lycosidae. 
The Lycosidae collected in this study might adopt the „sit and move‟ strategy and this strategy, 
together with the probability of juxtaposition of C. pavonana or P. xylostella with Lycosidae, could 
explain the apparent preference for C. pavonana by the Lycosiade studied. While the late instars of 
C. pavonana move down to the ground to pupate, close to the sites inhabited by Lycosidae, P. 
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xylostella completes its lifecycle on its host plant and insects spend little or no time on the soil 
surface. Thus, the probability of C. pavonana encounter by Lycosidae is greater than the probability 
of P. xylostella encounter and this could account for the higher rates of C. pavonana detection in 
soil dwelling Lycosidae reported (Table 6.11). Further study is clearly required in this regard, 
however, there is evidence that spiders select different prey in the field (Riechert & Harp, 1987; 
Riechert, 1991; Uetz, 1992) and they might even make these choices based upon prey nutrient 
content (Jackson et al., 2005). 
The overall proportion of foliar-dwelling predators containing prey DNA (for both P. 
xylostella and C. pavonana) was lower (27%) (Tables 6.8 and 6.9) than the proportion of soil-
dwelling predators containing prey DNA (53%) (Tables 6.10 and 6.11). Both the foliar-dwelling 
and the soil-dwelling predator complexes were comprised of a wide diversity of predators (Tables 
6.8-6.11). For any given complex of predators, the relative contributions of individual species can 
only be accurately assessed if the detectability half-life of the target prey DNA in its gut is 
determined and used to correct the incidence of that predator positive for target prey DNA in field 
collections (Greenstone et al., 2010). Further correction to include the relative abundance of that 
predator within the predator complex is also required (see Chapters 4 and 5). The detectability half-
life of the prey DNA that a predator has consumed is affected by many factors including the species 
of predator (Hoogendoorn & Heimpel, 2001), the species of prey (Juen & Traugott, 2006), the time 
after feeding (Agustí et al., 2003a), temperature (Hoogendoorn & Heimpel, 2001), the weight, size, 
developmental stage and sex of predator (Hoogendoorn & Heimpel, 2001; Sheppard et al., 2005), 
and prey size and subsequent food intake (Hoogendoorn & Heimpel, 2001; Juen & Traugott, 2005). 
In this study, although some of the predators in the predator complex could be ranked based on the 
detectability half-lives for P. xylostella and C. pavonana mtCO1 DNA determined for spider 
families in Queensland, Australia (Chapter 2), ranking of the predators from the diverse predator 
complex that preys on P. xylostella and C. pavonana in the agro-ecosystem in Lembang was not 
possible based on available data.  Further, gut-contents analysis based on the detection of target 
prey DNA can never exclude the possibility that secondary (= intraguild) predation events 
contribute to positive incidences of prey DNA detected in predators (Juen & Traugott, 2005; 
Sheppard et al., 2005). While secondary predation cannot be discounted, studies suggest that it is 
only likely to be detected if it occurs within a very short time interval prior to predator collection 
and testing (Harwood et al., 2001; Sheppard et al., 2005). Thus, the probability of secondary 
predation significantly affecting the overall outcome of a study such as this is low. However, 
scavenging is more difficult to dismiss without significant studies on the feeding behaviours of the 
putative predators identified by gut-contents analysis (Juen & Traugott, 2005). Indeed, in this study 
a significant proportion of Gonocephalum sp. (Tenebrionidae: Tenebrioninae) tested positive for C. 
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pavonana mtCO1 DNA, despite these insects being known principally as scavengers (pers. comm., 
Federica Turco, Queensland Museum). 
Despite of these constraints, this study has identified predators which consume target pest 
prey. In this system the majority of individual predators in which P. xylostella mtCO1 DNA was 
detected were spiders, while fewer spider families contained C. pavonana mtCO1 DNA (Tables 
6.8-6.11); a notable exception to this was the relatively high detection rate of C. pavonana mtCO1 
DNA in the guts of Lycosidae collected from pitfall traps (Table 6.11). Unlike P. xylostella mtCO1 
DNA, C. pavonana mtCO1 DNA was most frequently detected in the guts of predatory insects, viz. 
of Staphylinidae, Carabidae and Labiduridae (Table 6.10). Nentwig & Wissel (1986) reported that 
spiders typically consume prey smaller than themselves. Spiders collected from the field in this 
study, with the exception of some Lycosidae, were usually immature and < 0.5 cm long. Such 
spiders are therefore more likely to consume smaller P. xylostella larvae than the relatively large 
larvae of C. pavonana. The other groups of predators identified in this study have large body sizes 
compared with spiders, enabling them to handle the larger C. pavonana prey more easily. This 
offers a possible explanation for some of the apparent partitioning of prey between different 
predator groups in this study. 
Despite the positive recognition of spiders preying on target pests in this system, it is 
possible that the impact of given groups could be higher than estimated by gut-contents analysis as 
inefficient handling of prey by spiders can result in mortality but not prey consumption 
(Sunderland, 1999). This phenomenon has also been observed for some coleopteran (Doane et al., 
1985) and dipteran (Griffiths et al., 1984) predators. There is also likely an effect of predator 
movements on plants causing larvae to spin down to the ground where they later die. 
Syrphidae are well-known as important predators of aphids (Chambers & Adams, 1986; 
Wratten et al., 1995; Ambrosino et al., 2006; Nieto et al., 2006) and they have previously been 
identified as predators of P. rapae (Ashby, 1974) and P. xylostella (Oatman & Platner, 1969; White 
et al., 1995; Miranda et al., 2011). Plutella xylostella and C. pavonana mtCO1 DNA was detected 
in the gut-contents of syrphid larvae in this study (Table 6.8), representing the first report of these 
predators consuming C. pavonana.  
This study demonstrates that a diverse complex of predators that includes Araneae 
(Araneidae, Clubidionidae, Lycosidae), Coleoptera (Staphylinidae and Carabidae), Diptera 
(Syrphidae), and Hemiptera (Miridae) feeds on P. xylostella and C. pavonana in the Brassica agro-
ecosystem in Lembang. Sunderland (1999) has previously shown that there is little evidence that 
any given species of spider can effectively control pest populations in the field. However, Snyder et 
al., 2006) argue that the presence of a complex such generalist predators might retard the increasing 
rate of many insect pest populations.  
131 
 
In this study the impact of natural enemies on P. xylostella and C. pavonana cohorts was 
studied concurrently and the densities of each pest were similar in the later part of the study (Fig. 
6.6A). Despite this, both predators and parasitoids had a greater impact on P. xylostella populations 
than on C. pavonana populations. Although this phenomenon has been acknowledged previously 
(Sastrowijoyo & Setiawati, 1992; Sastrowijoyo et al., 2004) this study is the first to provide 
empirical evidence that describes the greater survivorship of C. pavonana. As evidenced by the 
farmer survey, insecticides are frequently applied to control C. pavonana in Indonesia, a practice 
that has long been exercised (Sastrowijoyo & Setiawati, 1992). The intensive use of insecticides in 
Brassica crops can cause resurgence of P. xylostella populations, due to the removal of their 
effective natural enemies (Furlong et al., 2008b). As such strategies involving the application of 
broad-spectrum insecticides for the management of lepidopteran pests of Brassica crops are not 
sustainable. Other approaches that embrace the targeted applications of selective insecticides, such 
as Bacillus thuringiensis, that are very effective for the control of lepidopteran pests but which have 
minimal direct impact on their predators and parasitoids must be developed to conserve the natural 
enemies of P. xylostella while providing economic management of C. pavanona.  
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Chapter 7: General discussion 
 
Studies of predation of the major Brassica pests, particularly Plutella xylostella L. 
(Lepidoptera:  Plutellidae) and Crocidolomia pavonana F. (Lepidoptera:  Crambidae), have 
previously investigated the potential of generalist predators such as lacewings, Chrysoperla 
plorabunda (Fitch) (Neuroptera: Chrysopidae) (Eigenbrode et al., 1999), Chrysoperla carnea 
Stephens (Neuroptera: Chrysopidae) (Reddy et al., 2002), Ceraeochrysa claveri Navás (Neuroptera: 
Chrysopidae) (Almeida et al., 2009) and Lycosidae spiders (Nemoto et al., 1985; Muckenfuss et al., 
1992) in laboratory based studies. Other studies have demonstrated the role of generalist predators 
in suppressing many species of Brassica pests in the field (Agarwal et al., 2007; Roger et al., 2000) 
or the effects of a complex of generalist predators on single species of Brassica (Oatman & Platner, 
1969; Lim, 1992; Hooks et al., 2006; Miranda et al., 2011). This study added significant 
information on the impact of endemic natural enemy complexes on Brassica pests in two distinct 
agro-ecosystems, one in Queensland Australia and the other in West Java, Indonesia. This 
information is important to develop integrated pest management strategies, particularly for the 
Brasicca agro-ecosystems where complexes of pests co-occur. A particularly important finding was 
that overall, predators have a lower impact on C. pavonana populations than on P. xylostella 
populations. This is important as it confirms anecdotal reports of the low impact of natural enemies 
on C. pavonana populations and re-enforces that fact that integrated strategies that bring together a 
suit of control measures are required effective management of insect pest complexes. 
Two fundamental problems in predation research are i) collecting experimental evidence 
that predation actually suppresses the prey population under investigation and then ii) establishing 
the identity of the predators that are responsible for population suppression. As predators often 
entirely consume their prey, or if they only partially consume them the remains are difficult to 
locate in the field, the only conclusive evidence of predation is direct observation of prey 
consumption by a predator or identification of prey remains within the predator gut or feces. In 
arthropod predator-prey interactions, soft-bodied prey consumed by predators with chewing 
mouthparts are difficult to identify and the body fluids of prey consumed by predators with sucking 
mouthparts cannot be distinguished visually within the gut of the predator. These problems can be 
overcome if post-mortem analysis of gut-contents can be identified at the molecular level. Both 
Dempster (1967) and Ashby (1974) used this approach, by exploiting polyclonal antibodies in the 
precipitin test to identify prey remains in ecologically important predators of Pieris rapae L. 
(Lepidoptera:  Pieridae). Since then predation research has largely utilised monoclonal antibodies in 
ELISA and, more recently, DNA-based techniques that exploit the ease and sensitivity of 
contemporary PCR technology (King et al., 2008; Furlong, 2015). In a recent study Furlong et al. 
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(2014) combined exclusion cage experiments in order to identify key mortality agents of P. 
xylostella and C. pavonana and a PCR-based approach to identify the key predators of both pests in 
Queensland, Australia. This study developed species-specific DNA primers that could identify the 
remains of P. xylostella, C. pavonana and P. rapae in the guts of field-collected predators and 
conducted initial studies to confirm their specificity. However, it did not examine how the 
detectability of prey items in the guts of predators changed with increasing time after prey 
consumptions. This is a critical element in the interpretation data generated by this kind of 
experimental approach (Greenstone et al., 2010, 2014) and the metric most commonly measured, 
the detectability half-life, indicates the time after consumption of standard prey items over which 
50% of tested predators will still test positive for target prey DNA.  In this study of the detectability 
half half-life for target P. xylostella and C. pavonana DNA in the guts of key predator groups was 
determined in order to better interpret gut-contents analysis of field-collected predators. Natural 
enemy exclusion studies were conducted in the two distinct Brassica agro-ecosystems of 
southeastern Queensland, Australia and West Java, Indonesia to investigate the contribution of 
predators to the suppression of P. xylostella and C. pavonana at times when each pest species is 
most damaging in the field. In Queensland C. pavonana is a major pest early in the Brassica crop 
season (February-May) and P. xylostella is a pest later in the season, June-November); separate 
studies were conducted at the appropriate times of year. In West Java, both pests co-occur, year 
round but they are particularly severe in the dry season. Accordingly combined studies investigated 
the impact of predators on C. pavonana and P. xylostella simultaneously in West Java at this time 
of year (July-August).   
The impact of arthropod predators on target pest populations was determined by 
conducting natural enemy exclusion studies. In both Queensland and West Java, experiments 
consistently showed that the survivorship of P. xylostella in the presence of natural enemies was 
lower than in the absence of natural enemies, thus demonstrating their important role in suppressing 
the P. xylostella populations. In these experiments both the endemic predator complex and the 
larval parasitoid, Diadegma semiclausum, were identified as important. Similar results were 
obtained in equivalent experiments on C. pavonana; but levels of population suppression were 
typically lower and predators were much more important that parasitoids. Further, in one 
experiment in West Java, there was no evidence for natural enemies having any impact on the 
survival of C. pavonana in the field. In addition, life tables for both P. xylostella and C. pavonana 
built from naturally recruited and experimental cohorts in the presence of natural enemies, 
suggested the importance of predation relative to parasitism. The total marginal mortality rates of 
predation (as estimated by the relative disappearance of insects developing in open and natural 
enemy exclusion cages) on P. xylostella cohorts in both experimental sites were higher than 
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marginal mortality rate of parasitism. The marginal mortality rate of parasitism of D. semiclausum 
was considered high in both countries; however the probability of predation of parasitized larvae 
might compromise the effects of D. semiclausum. The importance of predation relative to 
parasitism on the C. pavonana cohorts is more obvious since there were no parasitoids reared from 
the experimental cohorts of C. pavonana. In the Queensland study, three species of Hymenoptera 
(two species of Ichneumonidae and one species of Braconidae) and one species of Diptera 
(Tachinidae) were reared from C. pavonana, however, the overall marginal mortality due to 
parasitism was low. In Indonesia, Eriborus argentiopilatus (Cameron) (Hymenoptera: 
Ichneumonidae) is known as as parasitoid of C. pavonana (Nelly et al., 2005); however, this 
parasitoid was not reared from field collected C. pavonana in any of the experiments in this study. 
The total marginal mortality rate of C. pavonana due to parasitism was consistently lower than the 
marginal mortality rates due to predation in both Queensland and West Java, reflecting the more 
important role of predation on C. pavonana in both agro-ecosystems.  
The life tables built from the P. xylostella experimental cohorts in both regions, show that 
natural enemies can suppress the net reproductive rate (Ro) to < 1; thereby illustrating their capacity 
to contribute to intergenerational declines in the pest population. When similar calculations were 
performed on field recruited cohorts of P. xylostella, Ro estimates were > 1; possibly due to the 
overlapping generations of the pest and immigration. In similar studies on C. pavonana, Ro > 1; 
indicating that despite their variable population suppressive effects, that populations of natural 
enemies did not cause intergenerational declines in this pest in either Queensland or West Java. 
Although there were clear differences in the estimates of the impacts of predators on P. xylsotella 
and C. pavonana population in southeastern Queensland, as the studies were conducted at different 
times in the crop season conclusions about the relative impact of a given complex cannot be drawn. 
The density of the early season predator complex, when C. pavonana pest populations were 
investigated, was quite different to that later in the season, when P. xylostella was investigated. 
However, in Indonesia the simultaneous studies on the two pest species showed unequivocally that 
P. xylostella was more affected by both parasitoids and predators than C. pavonana, thereby 
providing direct evidence that C. pavonana is less susceptible to population suppression by endemic 
natural enemies than P. xylostella. This is the first study to clearly demonstrate this widely held 
assumption. The reason of the lower impact of natural enemies on C. pavonana than on P. 
xylostella should be investigated further. 
These ecological data were supported by molecular gut-contents analysis in this study. 
Interpretation of the qualitative data generated by such investigations is not straightforward. For 
two groups of predators that have a similar proportion of field collected individuals that test positive 
for target pest DNA then the group for which the target pest DNA has the shorter half life 
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detectability (as determined in laboratory feeding trials) will likely be the more important predator. 
Clearly relative predator density also needs to be taken into account when ultimate conclusions 
about the relative contribution to overall predation rates are determined. In this study, P. xylostella 
DNA was mostly detected in the gut-contents of small and foliar-dwelling predators in both 
Queensland (e.g., Clubionidae, Linyphiidae) and West Java (e.g. Clubionidae, Linyphiidae and 
Syrphidae). Plutella xylostella adults usually lay their eggs on more than one Brassica plant and 
eggs are typically widely dispersed within crop fields (Hamilton et al., 2009) and this distribution is 
likely to contribute to the high incidence of P. xylostella in the guts of foliar dwelling predators. In 
contrast C. pavonana distributions are typically more clustered in the field (Tohidin, 1990) as 
female C. pavonana usually lays single large egg masses on plants. The Indonesian study shows 
that most of the predators that contained C. pavonana DNA were large, active predators (Lycosidae, 
Labiduridae, Formicidae, and Staphylinidae). This type of predator is likely to be an efficient 
predator for the large gregariously feeding larvae of C. pavonana.  
The density of predators in the field and their maximum prey consumption are often used 
to determine the potential of a predator as an effective biological control agent (Jervis & Kidd, 
1996). Based on the predators‟ killing capacity in the laboratory, Lycosidae and Staphylinidae were 
suggested as the predators with the greatest potential for P. xylostella in Nicaragua (Miranda et al., 
2011). In the present study in Indonesia, where the populations of P. xylostella and C. pavonana 
were high, however, more Paederus sp. (Coleoptera: Staphylinidae) contained C. pavonana DNA 
than P. xylostella DNA. Even though it is likely that the Staphylinidae species tested by Miranda et 
al., (2011) was a different species, the fact that pest DNA other than P. xylostella DNA was 
detected in the Staphylinidae species in Indonesia shows that predators might have prey preferences 
in the field. This further brings into question the validity of laboratory maximum feeding rate 
studies.  
Two different sampling techniques, destructive sampling of plants and pitfall trap 
sampling, were used to investigate foliar-dwelling and ground-dwelling arthropod predators 
inhabiting the Brassica crops in both regions. The identity of predators foraging on the ground was 
quite different to that of those foraging on plants, but based on gut-contents analysis both were 
found to contribute to suppression of both pests. The study demonstrated the important role of 
ground-dwelling predators in Brassica crops in both study areas. Many ground-dwelling predators 
are considered to be most active at night; however, the study showed that in both Indonesia and 
Australia that while Dermaptera were mostly found at night, Formicidae and Lycosidae were caught 
in approximately equal numbers at both times of day. The study shows that applying multiple 
sampling approaches is necessary since there is no single sampling technique, which could estimate 
the numbers of the different predators important in this system without bias. Previous studies have 
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identified certain predator groups as important predators of major Brassica pests, but these findings 
were not corroborated by this study. For instance in this study, gut-contents analysis of Paederus 
sp. collected during foliar destructive sampling in West Java shows the potential of this species as a 
predator of C. pavonana, but does not indicate that it preyed on P. xylostella which was abundant in 
the field. However, although Paederus sp. was regularly sampled from plants, pitfall trap rarely 
caught this predator.  The possible repellent effect of the collecting media used in traps (ethylene 
glycol and propylene glycol) might explain this apparent anomaly. Similarly, Formicidae, which 
were frequently seen foraging in the crop in the Queensland experiments, were hardly caught in 
pitfall traps. The precise reasons for this are unknown, but it could be due to the positioning of traps 
close to nests or on foraging trails in West Java by chance. This emphasizes the importance of 
conducting various sampling methods to determine the potential of various groups of predators. 
The gut-contents analysis shows the potential of a complex of generalist predators, 
especially spiders, to suppress P. xylostella and C. pavonana populations both in Indonesia and 
Australia. It has been suggested previously that high populations of spiders in an agro-ecosystem 
can decrease the pest population (Schmitz et al., 2000) and increase crop yields (Snyder & Wise, 
2001). The population of natural enemies can be increased by augmentation and conservation 
programs. Any successful augmentation program will need an excellent and reliable source of 
spiders; providing enough for such a program will likely be economically impossible due to the 
difficulties involved in mass rearing of spiders (Amalin et al., 2001). Additionally, the survival and 
reproduction of spiders depends on the availability of a range of the prey species (Greenstone, 
1979; Uetz, 1992). As such, any augmentation program is very unlikely and a much more likely 
mechanism to improve predation of Brassica insect pest is likely to be through the conservation of 
endemic spider populations; in the first instance this can be achieved by ensuring strategic use of 
selective insecticides that target pests but have minimal impacts on predators.  
The predation partitioning and prey preference of the predators shown in this study clearly 
indicates the importance of predator complexes in controlling the pest complex in the field; no 
single predator dominated the overall contribution to pest population suppression. The combined 
activities of multiple generalist predators has been previously considered as an effective biological 
control process (Symondson et al., 2002; Ives et al., 2005) and about 75% of manipulative field 
studies indicate the potential of combined generalist predators to significantly reduce pest 
populations (Symondson et al., 2002). Additionally, combining predators and parasitoid activities is 
considered essential for integrated pest management (Dempster, 1967), especially if each of group 
of predators demonstrates different habitat, foraging behaviour and prey choice. 
A conservation program is essential to improve the role of the natural enemy complex in 
the agro-ecosystems (Furlong et al., 2004a). This program can be conducted by manipulating the 
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agro-ecosystem to encourage the colonization and establishment of spiders in the field. The 
strategies could include increasing the favourability of the environment (for instance by using an 
intercrop, mulching, and conservation tilling), reducing the potential of disturbance that might 
decrease spider populations (such as insecticide applications) and maintaining the spider population 
so that they are present at the time of early pest colonisation (Oatman & Planter, 1969). Most of the 
foliar-dwelling predators which this study showed to be important predators for both P. xylostella 
and C. pavonana were foliar-dwelling spiders, thus the intensive application of insecticides directly 
to the plant surface will directly impact on these susceptible arthropods and eventually lead to the 
outbreak of pest populations (Muckenfuss et al., 1992; Nyffeler & Sunderland, 2003; Nemoto, 
1986). Thus, employing pest management techniques which are more benign to these predators, 
such as mixed cropping, trap cropping or manual removal of egg masses, are essential particularly 
when sustainable crop production is the goal.  
The conservation of natural enemies is important to maintain the population of generalist 
predators in the field since the potential of this type of predator to retard pest population is high; 
particularly during the early establishment of pests in the field. Diculture agro-ecosystems (where 
two different crops are planted into the same ground simultaneously) have been shown to 
significantly increase the role of natural enemies on pest populations due to their potential to 
conserve natural enemies (Hook & Johnson, 2006). This management strategy is possible in 
Indonesia where Brassica farmers commonly use this method to increase their land use and their 
income by cultivating more than one crop in the same field. In Australia, however, this strategy is 
likely to be inappropriate as large monoculture cropping systems are preferred depend on the 
economics. Further research on implementation of a natural enemy conservation program in the two 
distinct areas is suggested to develop an optimum contribution from generalist predators in 
suppressing Brassica pest target populations.  
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Appendices 
Appendix 1 Layout of cage experiment and pitfall trap in GRF, Queensland, Australia  
 
                                                              
Block numbers 
 
Closed cages of P. xylostella / C. pavonana 
 
 
Open cages of P. xylostella / C. pavonana 
 
Pitfall trap with detergent 
 
Pitfall trap with absolute ethanol 
 
Pitfall trap with ethylene glycol 
 
Pitfall trap with propylene glycol 
 
Cabbage plant 
  
Experiment blocking is for the pitfall trap sampling only 
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Appendix 2 Layout of cage experiment and pitfall trap in IVEGRI Research Station, West Java, 
Indonesia  
 
                                             Row numbers          Block numbers 
 
 Closed cages of P. xylostella  
 Open cages of P. xylostella  
 Closed cages of C. pavonana  
 Open cages of C. pavonana 
 Pitfall trap with ethylene glycol 
 Pitfall trap with propylene glycol 
 Cabbage plant 
Experiment blocking is for the pitfall trap 
sampling only 
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Appendix 3 Questionnaire of the survey on the characteristics of cabbage farms in Lembang, West 
Java, Indonesia 
 
KUISIONER 
PENGGUNAAN PESTISIDA PADA BUDIDAYA KUBIS 
 DI MARGAHAYU, LEMBANG 
JUNI – JULI 2012 
Questionnaire  
Pesticides used in cabbage farming system at Margahayu, Lembang 
June-July 2012 
 
Nama   
(Name) 
: ………………………………………………………………………………. 
Umur 
(Age) 
: ………………………………………………………………………………. 
Pendidikan 
(Education) 
: ………………………………………………………………………………. 
Alamat 
(Address) 
: ………………………………………………………………………………. 
 
 
1. Ukuran lahan  
(Land size) 
 
 
 
2. Kepemilikan lahan (milik sendiri atau sewa, biaya sewa) 
(Land ownership (owner or renter, rent price) 
 
 
 
3. Pola tanam yang umum dijalankan 
(Common cropping pattern) 
 
 
   
4. Masalah hama penyakit yang dialami 
(Pests and diseases commonly occur in the field) 
 
………………………………………………………………………………………….. 
 
………………………………………………………………………………………….. 
 
………………………………………………………………………………………….. 
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………………………………………………………………………………………….. 
 
………………………………………………………………………………………….. 
 
………………………………………………………………………………………….. 
 
………………………………………………………………………………………….. 
 
Masalah utama………………………………………………………………………….. 
(Major pest and disease)  
 
 
5. Pestisida yang digunakan untuk mengatasi masalah 
(Pesticide commonly used to control cabbage pests and diseases) 
 
a. …………………………………… dosis 
(dosage) 
……………………………………….. 
b. …………………………………… dosis 
(dosage) 
……………………………………….. 
c. …………………………………… dosis 
(dosage) 
……………………………………….. 
d. …………………………………… dosis 
(dosage) 
……………………………………….. 
e. …………………………………… dosis 
(dosage) 
……………………………………….. 
f. …………………………………… dosis 
(dosage) 
……………………………………….. 
g. …………………………………… dosis 
(dosage) 
……………………………………….. 
h. …………………………………… dosis 
(dosage) 
……………………………………….. 
 
 
 
6. Frekuensi penyemprotan pestisida 
(Interval of pesticide applications) 
 
 
 
7. Pestisida yang khusus ditujukan mengendalikan Plutella xylostella 
(Pesticide used to control Plutella xylostella) 
 
157 
 
 
 
 
8. Alasan pemilihan pestisida tersebut  
(Reason for choosing the certain pesticide)  
 
 
 
 
 
9. Perbedaan penggunaan pestisida di musim penghujan dan musim kemarau (jenis pestisida dan 
frekuensi penggunaannya) 
(The difference of the pesticide type applied and application periods during the different seasons 
(dry and rain season) 
 
